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INTRODUCTION  AND  SCOPE 

The  ultimate  goal  of  this  program  is  to  understand  in 
detail  the  mechanisms  by  which  botulinum  neurotoxins  (BoNT) 
abrogate  neurotransmitter  release.  Clostridial  neurotoxins 
act  as  sequence  specific  endoproteases  to  cleave  specific 
constituents  of  the  synaptic  vesicle  docking/fusion  complex 
[1-6] .  A  widely  held  view  considers  that  BoNTs  enter  cells 
via  receptor-mediated  endocytosis.  Exposure  of  the 
holotoxin  to  the  acidic  pH  of  the  endosomal  vesicles 
induces  a  conformational  change  of  the  dichain  toxin 
allowing  the  heavy  chain  (HC)  to  insert  into  the  membrane 
thereby  forming  a  channel  through  which  the  light  chain 
(LC)  protease  is  translocated  to  the  cytosol  where  it  acts 
[3] .  This  model  considers  a  tri-modular  design  of  the 
neurotoxin  protein  with  a  receptor  binding  domain,  a 
translocation  domain  and  a  catalytic  domain.  Indeed,  the 
crystal  structures  of  BoNT  A  [7,8]  and  BoNT  E  [9]  have 
disclosed  such  organization  of  the  holotoxin  and  have  given 
impetus  to  dissect  in  molecular  detail  the  steps  involved 
in  intoxication.  We  focused  our  efforts  on  two  enigmatic 
aspects  of  the  process:  (1)  The  mechanism  by  which  the  HC 
forms  the  conduit  for  the  translocation  of  the  LC  across  a 
membrane;  and  (2)  the  contribution  of  the  peptide  products 
of  BoNT  protease  activity  on  its  substrates,  namely,  the 
components  of  the  SNARE-complex  [1-4] . 

That  channels  are  formed  by  the  HC  has  been  surmised 
from  evidence  that  the  holotoxin  forms  channels  in  lipid 
bilayers,  predominantly  after  exposure  to  an  acidic  pH  [10- 
12;  for  review  see  ref.  13].  Further,  a  23-mer  peptide, 
patterned  after  the  sequence  of  an  amphipathic  segment  of 
the  HC  [659-681]  predicted  to  self-assemble  in  membranes 
into  a  conductive  oligomer,  was  shown  to  form  channels  in 
lipid  bilayers  [14].  Thus  far,  however,  there  is  no 
evidence  for  the  direct  translocation  of  the  LC  through  the 
putative  channel  and  across  the  membrane.  Several 
outstanding  issues  remain  to  be  delineated.  Key  among  these 
are  the  dissociation  at  acidic  pH  of  the  dichain  toxin  into 
its  constituent  LC  and  HC  after  breakdown  of  the  disulfide 
bond  linking  them  [Cys429-Cys453]  ,  the  insertion  of  the  HC 
monomers  into  the  bilayer  hydrophobic  core,  the 
oligomerization  state  of  the  HC  when  assembled  into  a 
conductive  channel,  the  requirement  of  a  pH  gradient  across 
the  membrane,  the  unfolding  of  the  LC  in  an  acidic 
environment  as  a  requirement  for  its  passage  through  a 
narrow  pore  (the  folded  LC  is  55  A  X  55  A  X  62  A,  too  large 
to  fit  through  a  postulated  tetrameric  channel  of  ~12  A 
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diameter  at  its  widest  extent),  the  refolding  of  the  LC  in 
the  cytosol  after  its  translocation.  It  is  clear  that  a 
channel  entity  would  constitute  a  critical  target  for 
intervention  to  abort  the  process  of  intoxication  after 
internalization  of  the  toxin.  Screening  for  channel 
blockers  was  a  dominant  aspect  of  the  program. 

This  brings  us  to  the  second  facet  of  the  program.  The 
crystal  structure  of  a  SNARE  complex,  a  key  entity  involved 
in  the  specific  recognition  and  ultimately  fusion  of 
synaptic  vesicles  with  the  neuronal  plasma  membrane  was 
described  [2].  The  complex  is  formed  by  the  specific 
interaction  between  segments  of  three  proteins: 
synaptobrevin-2 ,  a  vesicle  associated  protein,  and 
syntaxin-lA  and  SNAP-25,  two  distinct  proteins  anchored  to 
the  plasma  membrane.  The  SNARE  complex  folds  into  a 
parallel  four-helical  bundle  with  a  left  handed 
superhelical  twist  [2,4]:  two  helices  are  contributed  by  a 
molecule  of  the  t-SNARE  SNAP-25;  the  other  two  by 
synaptobrevin  and  syntaxin.  We  synthesized  three  peptides 
which  correspond  to  sequences  located  in  the  syntaxin-lA  H3 
domain,  the  C-terminal  domain  of  SNAP-25,  and  a  conserved 
central  domain  of  synaptobrevin-2,  that  exhibit  a  high 
propensity  to  form  a  minimal  coiled-coil,  and  examined 
their  ability  to  assemble  into  a  coiled-coil  using  circular 
dichroism  (CD)  spectroscopy  (Appendix  #4)  [15].  Our  results 
with  these  synthetic  peptides  [15]  are  consistent  with  the 
high-resolution  structure  of  the  SNARE  complex  [2,4].  The 
four  helical  bundle  structure  of  the  SNARE  complex  may 
bring  into  juxtaposition  the  surfaces  of  the  apposed 
vesicle  and  plasma  membrane  bilayers  to  facilitate  fusion. 
How  this  may  happen  is  not  known,  however,  Ca2+  is  required 
and  other  proteins  may  catalyze  and  confer  additional 
specificity  to  the  process  (Appendices  #2  and  #3)  [5,6]. 

BoNTs  proteolytically  cleave  the  three  proteins  of  the 
SNARE  complex,  consequently  preventing  vesicle  fusion  and 
thereby  abrogating  transmitter  release  [3]  .  Our  program 
focused  on  the  cleavage  fragments  resulting  from  BoNT- 
mediated  substrate  proteolysis  and  the  emerging  hypothesis 
that  the  efficacy  of  BoNTs  as  inhibitors  of  neurosecretion 
may  arise  from  the  synergistic  action  of  cleaving  the 
substrate  and  releasing  peptide  products  that  disable  the 
fusion  process  by  blocking  specific  steps  of  the  exocytotic 
cascade  (Appendices  #  1,  #4  and  #6)  [16-18]  .  Indeed, 
synthetic  peptides  corresponding  to  the  sequences  of  the 
cleavage  products  of  BoNT  A  and  E  act  as  inhibitors  of 
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neurosecretion,  and  mimic  several  aspects  of  the  neurotoxin 
action  in  vitro  [16-18] .  Accordingly,  effort  was  directed 
to  achieve  the  stable  expression  of  the  SNAP-25  C-terminal 
cleavage  product  of  BoNT  E  in  mammalian  neurosecretory 
cells  and  to  compare  its  activity  with  that  of  the 
expressed  LC  of  BoNT  E.  As  summarized  in  the  BODY  of  the 
report,  we  implemented  a  robust  assay  for  basal  and  evoked 
exocytosis  in  PC-12  cells  and  demonstrated  the  inhibitory 
activity  of  expressed  BoNT  A,  BoNT  C  and  BoNT  E  LCs  on 
secretion  of  human  growth  hormone,  used  as  the  marker  for 
secretory  granules.  Further,  structural  dissection  of 
syntaxin  la  revealed  a  minimal  inhibitory  construct 
containing  the  transmembrane  domain  and  two  of  three 
helical  subdomains  of  the  H3  coil  participating  in  SNARE 
complex  formation.  Structural  dissection  of  SNAP-25 
revealed  that  the  large  cleavage  products  of  both  LC  A  and 
E  also  inhibit  regulated  secretion  in  PC12  cells.  And 
greater  inhibitory  activity  was  conferred  to  the  full 
length  SNARE  motif  of  SNAP-25  by  linking  it  to  the 
transmembrane  domain  of  syntaxin  la.  These  results  further 
elucidate  the  molecular  interactions  underlying  the  role  of 
SNARE  proteins  in  neurosecretion,  pointing  to  the 
significance  not  only  of  protein  sequence  and  structure, 
but  also  membrane  localization  in  regulated  exocytosis. 

BODY 

Task  1:  Characterization  of  the  ion  channel  of  BoNT  A  and 
identification  of  open  channel  blockers. 

During  the  tenure  of  the  current  contract  (DAMD  17-98- 
C-8040 ) ,  efforts  were  directed  towards  the  elucidation  of 
the  steps  involved  in  the  translocation  of  the  BoNT  A  LC 
through  the  HC  channel.  At  present  there  is  no  compelling 
evidence  to  account  for  the  molecular  details  of  this 
elusive  process.  It  is  widely  recognized  that  acidic  pH, 
comparable  to  that  present  in  endocytic  vesicles  (pH^5.0), 
triggers  a  conformational  change  that  drives  the  insertion 
of  the  HC  into  membranes  and  presumably  allows  the 
formation  of  a  transmembrane  channel  for  the  transfer  of 
the  LC.  There  is  biophysical  evidence  for  the  formation  of 
channels  with  a  conductance  of  ~100  pS  in  0.5  M  KC1  or  NaCl 
solutions.  This  conductance  suggests  a  channel  with  a  pore 
diameter  of  ~12  A  [19]  .  How  does  this  model  fit  with  the 
crystal  structure  of  the  holotoxin?  The  folded  LC  in  the 
crystal  structures  obtained  at  pH  7.0  for  BoNTA  and  pH  6.0 
for  BoNTB  is  2  55  A  (55  A  X  55A  X  62  A)  if  considered  as  a 
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globular  structure;  such  dimensions  would  render  it 
impermeant  through  a  ~12  A  pore.  These  considerations  imply 
that  the  LC  may  unfold  and  go  through  the  channel 
presumably  unstructured  and,  therefore,  would  have  to 
refold  after  exiting  the  channel'  in  the  neutral  pH  of  the 
cytosol,  which  would  allow  its  ultimate  release  by 
reduction  of  the  interchain  disulfide  linkage.  At  present, 
there  is  no  high  resolution  structure  for  these  two  BoNTs 
at  a  pH  lower  than  6.0;  and  given  the  fact  that  the  crystal 
structures  of  BoNTA  (pH  7.0)  and  BoNTB  (pH  6.0)  are  very 
similar  it  is  reasonable  to  surmise  that  a  pH<6  drives  the 
structural  switch.  A  striking  feature  of  the  the  crystal 
structures  of  BoNTA  and  B  is  the  translocation  domain 
"belt",  a  ~50-residues  long  unstructured  loop  that  wraps 
around  the  catalytic  domain.  This  segment  may  undergo  a 
structural  transition  that  favors  insertion  of  the 
translocation  domain  into  the  membrane  and  promotes  its 
oligomerization  to  form  a  conductive  channel. 

Is  there  evidence  for  protein  translocation  across 
channels?  The  most  persuasive  data  have  been  obtained  for 
the  translocation  of  the  catalytic  domain  of  diphteria 
toxin  by  its  translocation  domain  [20,21]  and  for  the 
protein  conducting  channels  of  the  mitochondria  [22-24]  and 
the  endoplasmic  reticulum  [25].  For  the  protein-conducting 
channel  of  the  outer  mitochondrial  membrane  -Tom40,  there 
is  evidence  not  only  for  the  formation  of  channels  but  also 
for  the  translocation  of  peptides  across  the  channel. 
Tom4 0 ,  when  purified  and  reconstituted  in  lipid  bilayers, 
formed  channels  with  conductances  in  the  range  220  to  360 
pS  in  0.25  M  KC1,  and  an  estimated  pore  diameter  of  ~20  A 
[22,25].  Significantly,  the  open  channel  probability  of  the 
Tom40  channel  was  drastically  reduced  by  the  addition  of 
synthetic  peptides  with  a  sequence  corresponding  to  the 
native  mitochondrial  preprotein  sequences  when  added  to  the 
same  side  of  the  membrane  (cis)  as  Tom40.  This  suppressive 
effect  was  sequence  specific  and  could  not  be  reproduced  by 
peptides  of  similar  hydrophobic  and  charge  density.  These 
findings  suggest  that  the  translocated  peptide  transiently 
occludes  the  channel  during  its  transit  across  it.  And,  the 
data  also  constrain  the  secondary  structure  of  the 
precursor  polypeptides  to  be  extended  or  as  cc-helical 
segments  in  order  to  fit  into  a  channel  of  ~20  A  in 
diameter. 

To  address  these  questions,  a  functional  strategy  was 
designed  which  relied  on  the  assay  of  the  channel  activity 
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of  BoNTs  holotoxin  and  the  individual  chains  in  lipid 
bilayers  using  single  channel  recordings  as  a  sensitive 
readout  to  interrogate  if  the  LC  blocks  the  HC  channel  as 
it  goes  through.  Both  native  and  recombinant  BoNTs 
holotoxin  and  the  individual  chains  were  used  in  the 
analysis . 

Properties  of  native  BoNTA  holotoxin  and  HC  channels 

The  properties  of  native  BoNTA  holotoxin  and  BoNTA  HC 
single  channels  were  studied  according  to  the  following 
protocol:  After  bilayer  stabilization,  the  toxin  samples 
were  always  added  to  cis  solution  and  two  min  later,  the 
cis  solution  was  acidified  to  pH  5.5  with  2.5  mM  citrate. 
The  lipid  composition  of  the  bilayer  was  optimized  to 
enhance  the  insertion  of  holotoxin  and  HC  and  consisted  of 
diphytanoylphosphatidylethanolamine  (PE) , 
diphytanoylphosphatidylcholine  (PC)  and 

diphytanoylphosphatidylserine  (PS)  (Avanti  Polar  Lipids, 
Alabaster,  AL)  ,  and  GTlb  gangliosides  (Fidia  Research 
Laboratories,  Abano,  Italy)  at  a  weight  ratio  2:2:1:0.125, 
as  described  in  the  Quarterly  Reports  for  DAMD  17-98-C-8040 
corresponding  to  period  7/1/00-10/1/00.  Under  these 
conditions,  BoNTA  holotoxin  does  not  form  channels. 
Notably,  reduction  of  the  holotoxin  in  the  presence  of  1  mM 
dithiothreitol  (DTT) ,  either  by  preincubation  for  30  min  at 
37 °C  prior  to  the  bilayer  experiments  or  by  direct  addition 
of  reductant  to  the  aqueous  compartments  containing  the 
holotoxin,  elicits  channel  activity.  The  modified  (reduced) 
BoNTA  holotoxin  forms  channels  with  primary  conductances  (y) 
in  symmetric  0.5  M  KC1  of  ~  110  pS.  A  subconductance  state 
is  readily  identifiable  in  the  single  channel  recordings. 
The  subconductane  state  has  a  y  ~  20  pS .  Transitions  from 
the  closed  to  the  fully  open  state  and  from  the  substate  to 
the  closed  and  open  state  can  be  identified.  These 
intermediate  states  are  usually  short  lived,  and  the 
transitions  between  states  are  rather  fast  giving  a 
flickery  appearance  to  the  records.  At  higher  time 
resolution  individual  transitions  are  clearly  discrete, 
square  events.  Discrete  events  with  larger  (^  200  pS) 
conductances  are  also  discerned.  Their  occurrence  is 
sporadic  and  the  channel  open  times  are  significantly 
shorter  than  those  of  the  primary  conductances.  This 
pattern  of  channel  activity  is  reminiscent  of  that  recorded 
with  tetanus  holotoxin  in  lipid  bilayers  [26],  and  with 
BoNTA  holotoxin  in  PC12  cells  [27]  .  By  contrast,  native 
unmodified  (unreduced)  BoNTA  HC  forms  channels  similar  to 
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those  recorded  with  reduced  holotoxin,  under  otherwise 
identical  conditions.  Representative  segments  of  recordings 
obtained  with  native  BoNTA  holotoxin  and  HC  are  shown  in 
Fig.  1A  and  IB,  respectively.  The  applied  voltage  was  -100 
mV  and  a  downward  deflection  indicates  channel  opening. 
Corresponding  cumulative  current  histograms  and  Gaussian 
fits  for  the  primary  conductances  generated  from  continuous 
segments  of  recordings  lasting  several  minutes  are  shown  on 
the  right  panels.  The  peak  of  the  currents  of  the  closed 
(C)  and  open  (0)  states  are  indicated.  The  probability  of 
the  channel  being  open  ( P0 )  is  0.56  for  native  holotoxin 
(Fig.  1A)  and  0.55  for  native  HC  (Fig.  IB).  Note  that  for 
the  HC,  the  calcualted  y  =  128  pS  includes  the  substate. 

A  salient  aim  of  the  current  program  has  been  to 
generate  recombinant  BoNT  HC  as  a  key  tool  to  pursue  a  low 
resolution  mapping  of  the  relationship  between  the 
structure  of  the  protein  with  its  channel  function.  This 
requires  demonstration  of  channel  activity  by  recombinant 
BoNT  HC  and  comparison  of  the  channel  properties  with  those 
of  native  HC.  We  succeeded  in  generating  recombinant  HC,  as 
reported  in  the  Quarterly  Report  for  DAMD  17-98-C-8040 
corresponding  to  period  4/1/00-7/1/00.  The  recombinant  HC 
was  purified,  reconstituted  into  lipid  bilayers  and  its 
properties  compared  with  respect  to  those  of  native  BoNT 
under  otherwise  identical  conditions.  Figure  1C  shows  a 
segment  of  a  single  channel  record  displaying  the  features 
of  the  recombinant  HC  channels  and  the  corresponding 
current  histogram.  The  pattern  of  activity  of  the 
recombinant  HC  is  similar  to  that  of  the  native  reduced 
BoNT  and  native  HC  in  terms  of  single  channel  conductance  (y 
=  96  pS),  occurrence  of  substates  (y  ~  20  pS)  ,  bursting 
episodes  of  high  channel  activity  interspersed  between 
quiescent  periods  ( P0  =  0.48)  .  To  the  extent  of  the 
sensitivity  of  the  assay  the  native  and  recombinant  HC 
channels  appear  analogous;  neither  of  them  require  reducing 
conditions  to  evoke  channel  activity.  These  findings  set 
the  stage  for  investigations  on  the  role  of  the  LC  on  HC 
channel  activity  and  on  the  involvement  of  specific  HC 
residues  on  the  channel  lining  and,  in  due  turn,  on  the 
structure  of  the  binding  pocket  for  blockers.  Such  analysis 
is  feasible  by  site-directed  mutagenesis  on  the  recombinant 
BoNTA  clone  followed  by  expression  of  mutant  proteins  and 
reconstitution  in  lipid  bilayers  assayed  by  single  channel 
recordings . 
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What  is  the  influence  of  the  light  chain  on  the 
channels  formed  by  heavy  chain?  Significantly,  native  or 
recombinant  LC  by  itself  does  not  form  channels  in  lipid 
bilayers.  In  contrast,  in  the  absence  of  reducing  agent, 
the  isolated  BoNTA  LC  causes  a  change  in  the  pattern  of 
channel  activity  of  BoNTA  HC.  This  activity  is  elicited  by 
both  the  native  and  recombinant  LC  on  both  the  native  and 
recombinant  HC  channels.  We  demonstrated  blocking  of  the  HC 
channels  by  addition  of  a  2-fold  molar  excess  LC  to  the 
trans-compartment  in  the  absence  of  reducing  agent  (Fig. 
2)  .  The  pattern  of  channel  activity  of  the  HC  in  absence 
of  the  LC  is  characterized  by  the  occurrence  of  frequent 
and  fast  transitions  between  open  and  closed  states.  A 
sample  record  obtained  at  V=  -100  mV  displayed  in  Fig.  2A. 
Corresponding  cumulative  current  histograms  and  Gaussian 
fits  for  the  primary  conductance  are  shown  on  the  right 
panels:  y  =  124  pS  with  a  subconductance  state  of  y  ~  20  pS 
and  a  P0  =  0.47.  The  presence  of  the  LC  in  the  trans¬ 
compartment  (Fig.  2B)  sharply  attenuated  the  channel 
activity  of  HC  both  in  terms  of  a  reduction  in  single 
channel  conductance  (y  =  30  pS),  and  in  the  number  of  open 
channels  at  any  given  time.  During  the  bursts  of  channel 
activity,  the  frequency  of  transitions  between  open  and 
closed  states  increased  and  adopted  a  flickery  pattern  in 
which  individual,  discrete  transitions  were  difficult  to 
resolve.  This  pattern  is  characteristic  of  channel  block 
and  arises  from  frequent  fast  interruptions  of  the 
residence  time  in  the  open  state  leading  to  a  blocked 
state.  Furthermore,  this  silencing  effect  of  the  LC  on  the 
HC  channels  was  independent  of  the  polarity  of  the  applied 
voltage.  Thus,  LCA  attenuates  and  eventually  silences  the 
HCA  channel. 

Table  1  summarizes  the  experimental  conditions  used 
thus  far  to  examine  in  detail  the  postulated  mechanism  for 
the  translocation  of  LC  through  a  HC  channel.  The  model 
considers  at  least  six  independent  steps,  in  the  sequence: 
binding  of  holotoxin  to  gangliosides  on  bilayer  surface  — » 
acidification-induced  conformational  change  of  holotoxin  in 
the  cis-compartment  — ^-insertion  of  the  HC  into  the  lipid 
bilayer  — ^expression  of  channel  activity  — >  LC  (presumably 
unfolded)  translocation  through  the  HC  channel  — >  enzymatic 
activity  of  the  translocated  (presumably  refolded)  LC  in 
the  trans  compartment.  The  most  telling  results  with  the 
holotoxin  emerge  by  examining  the  contrasting  findings 
generated  by  the  location  of  the  membrane  non-permeable 
reductant  Tris- (2-carboxyethyl ) phosphine  (TCEP)  in  the  cis 
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or  the  trans  compartments,  under  otherwise  identical 
conditions  (Table  1,  Conditions  4  and  5)  :  binding, 
acidification,  and  insertion  steps  appear  to  proceed 
similarly;  however,  reduction  in  the  cis  compartment 
presumably  allows  the  released  LC  to  occlude  the  HC 
channel,  whereas  the  reduction  on  the  trans  compartment 
leaves  the  HC  channel  activity  unaltered.  This  model 
implies  that  free  LC  silences  or  blocks  the  HC  channel. 
This  prediction  was  tested  using  the  isolated  HC  and  LC  and 
addressing  the  specific  effect  of  the  LC  on  HC  channels 
depending  on  its  location  in  the  cis  or  the  trans 
compartments  (Table  1,  Conditions  8,  9)  :  A  five-fold  molar 
excess  of  LC  present  on  the  cis  compartment,  in  the  absence 
of  reductant  does  not  affect  the  HC  channel  activity.  By 
contrast,  a  two-fold  molar  excess  of  LC  present  on  the 
trans  compartment  attenuates  and  eventually  silences  the  HC 
channel  activity.  The  latter  results  imply  that  a  unique 
orientation  and  probably  open  state  of  the  HC  channel 
provides  an  entryway  for  the  LC  to  access  the  pore. 

The  picture  that  emerges  from  this  systematic  analysis 
is  that  the  HC  can  be  blocked  by  the  free  LC,  consistent 
with  the  notion  that  the  unfolded  LC  could  be  translocated 
through  the  HC  channel.  The  most  tempting  explanation  for 
these  results  is  that  the  LC  partially  unfolds  in  the 
acidic  vesicle  environment,  goes  through  the  channel 
formed  by  the  HC  and  is  released  on  the  other  side  of  the 
membrane  (cytosol)  by  reducing  agents.  The  complete 
analysis  requires  the  demonstration  of  the  enzymatic 
activity  of  the  LC  protease  after  its  translocation  into 
the  trans  compartment  from  the  cis  compartment.  This  is 
currently  under  way. 

Open  channel  blockers  of  the  BoNT  HC  channel 

Several  "classes"  of  agents  were  surveyed  based  on 
their  blockade  efficacy  of  other  cation-selective  channels. 
Antimalarial  agents  such  as  chloroquine  and  quinacrine, 
known  to  affect  intracellular  processing  of  BoNTs  by 
collapsing  the  pH  gradient  across  endocytic  vesicle,  exert 
a  direct  blocking  action  on  the  HC  channel  [28]  in  the  JAM 
concentration  range.  A  sample  recording  illustrating  the 
effect  of  10  JAM  quinacrine  (6-chloro-9-  (  [4-diethylamino] -1- 
methylbutyl ) amino-2-methoxyacridine)  is  illustrated  in  Fig. 
3.  Figure  3A  shows  a  segment  of  a  single  channel  record 
displaying  the  features  of  the  holotoxin  channels;  the 
corresponding  single-channel  current  histogram  shows  the 
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fitted  Gaussian  distribution  with  a  calculated  y  =  112  pS 
and  a  PD  =  0.54.  In  contrast,  in  the  presence  of  quinacrine, 
the  pattern  of  channel  activity  is  drastically  altered:  the 
frequency  of  openings  is  reduced  and  long  quiescent  periods 
dominate  the  records,  as  illustrated  in  the  record  shown  in 
Fig.  3B.  The  corresponding  conductance  histogram  displays 
a  single  distribution  corresponding  to  the  closed  state. 
This  is  characteristic  of  channel  block.  Antiviral  agents 
such  as  amantadine,  an  anti-influenza  drug  which  acts  by 
blocking  the  channels  formed  by  the  M2  protein  of  influenza 
virus  [29-31],  or  its  analogue  -memantine  ( l-amino-3, 5- 
dimethyladamantane ) -  a  well  known,  clinically  tolerated 
open  channel  blocker  of  the  NMDA-subtype  of  glutamate 
receptor  [32,33]  also  block  the  HC  channel.  Memantine, 
however,  blocks  the  NMDA  receptor  channel  with  a  Ki  of  300 
nM  whereas  it  blocks  the  HC  channel  at  concentrations  >  20 
(XM.  Remarkably,  a  selectively  guanidinylated  memantine 
derivative,  kindly  synthesized  for  us  by  the  group  of  Prof. 
Murray  Goodman  in  the  Chemistry  and  Biochemistry  of  UCSD, 
exerts  blocking  activity  at  2  pM,  suggesting  that  the 
increase  in  size  and  presence  of  the  charged  guanidinium 
group  may  promote  the  interaction  of  the  blocker  with  the 
channel.  By  contrast,  compounds  such  as  4-aminopyridine  and 
3 , 4 -diaminopyiridine ,  known  blockers  of  K+  channels  [cf. 
34],  did  not  affect  the  BoNT  HC  channel  even  in  the  mM 
concentration  range.  Interestingly,  these  aminopyridines 
transiently  attenuate  the  channel  conductance  suggesting 
that  they  may  even  go  through  the  channel  and  behave  as 
permeant  cations.  QX-222,  a  trimethyl  quaternary  ammonium 
derivative  of  the  ionizable  amine  local  anesthetic 
lidocaine  [cf.  34],  is  a  blocker  of  voltage-gated  cation- 
selective  channels  and  also  of  the  nicotinic  cholinergic 
receptor  channel  [cf .  34]  .  QX-222  also  blocks  the  BoNT  HC 
channel  in  the  pM  concentration  range.  This  is  illustrated 
in  Fig.  4.  A  segment  of  a  continuous  record  displaying  the 
activity  of  approximately  five  BoNT  holotoxin  channels  with 
y  ~  110  pS  is  shown  in  Fig.  4A.  Note  in  the  conductance 
histogram  the  occurrence  of  five  discernible  peaks, 
excluding  the  closed  state.  In  contrast,  in  the  presence  of 
40  pM  QX-222  the  channel  activity  is  reduced  to  the  extent 
that  the  channels  appear  to  be  primarily  blocked  giving 
rise  to  single  distribution  in  the  corresponding  current 
histogram,  as  illustrated  in  Fig.  4B. 

The  information  summarized  establishes  the  feasibility 
of  this  strategy  to  discover  novel  and  selective  open 
channel  blockers,  which  we  intend  to  apply  to  the  BoNT  HC 
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channel.  This  is  precisely  what  the  new  proposal  submitted 
intends  to  achieve  (See  Reportable  Outcomes) . 

Task  2:  Role  of  the  peptide  products  of  BoNT  protease 
activity  on  neurotransmitter  release. 

Many  studies  in  the  past  three  years  have  examined 
SNARE  assembly  and  inhibition  of  complex  formation  by  these 
toxins  in  relation  to  the  kinetics  and  regulation  of 
exocytosis  [35-38],  In  this  laboratory,  in-vitro  studies 
were  performed  examining  the  activity  of  these  toxin 
cleavage  products  as  potential  inhibitors  of  exocytosis 
(Appendices  #1,  #2,  #4  and  #6)  [16-18],  The  26  amino  acid 
C-terminal  peptide  released  by  cleavage  of  SNAP-25  with 
BoNT  E  was  introduced  into  permeabilized  chromaffin  cells 
as  well  as  Aplysia  neurons  to  study  the  impact  on 
neurotransmitter  release.  It  was  concluded  that  the 
peptide,  termed  ESUP,  inhibits  vesicle  docking  and  thus 
exocytosis  by  competing  with  SNAP-25  for  coil  formation 
within  the  SNARE  complex.  From  these  studies  the  question 
arose:  How  does  the  stable  expression  of  the  SNAP-25  C- 
terminal  cleavage  product  of  BoNT  E  modulate  neurosecretion 
in  mammalian  neurosecretory  cells?  As  described  in  the 
Midterm  Report,  the  26-mer  C-terminal  fragment  of  SNAP-25 
was  subcloned  into  a  mammalian  expression  vector, 
transfected  into  neurosecretory  PC12  cells  and  the  impact 
on  exocytosis  assessed  [39] .  The  results  indicate  that  in 
this  mammalian  expression  system,  BoNT  LC  A,  LC  C  and  LC  E 
inhibit  exocytosis,  whereas  the  ESUPs  tested  have  little  if 
any  effect. 

This  analysis  was  pursued  by  using  transient 
overexpression  of  SNARE  proteins,  peptides  and  BoNT  LCs  in 
PC12  cells  in  order  to  examine  the  interactions  of  SNARE 
helices  in  a  mammalian  neurosecretory  cell  expression 
system.  Using  the  published  SNARE  complex  structure 
[2,4],  we  designed  a  series  of  partial  syntaxin  la  and 
SNAP-25  constructs,  one  of  which  blocks  secretion  as 
effectively  as  BoNT  LC  C  when  overexpressed  in  PC12  cells. 
We  also  find  that  peptide  sequences  known  to  inhibit 
exocytosis  when  introduced  as  peptides  into  permeabilized 
cells  do  not  display  equivalent  activity  in  this  cell 
expression  system.  Interestingly,  the  transmembrane  domain 
of  syntaxin  enhances  inhibitory  activity  of  a  number 
syntaxin  peptide  constructs,  and  confers  activity  to  inert 
SNAP-25  peptide  fragments  when  linked  as  a  fusion  chimera. 
Localization  studies  indicate  that  the  peptide  fragments 
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alone  are  expressed  in  the  cytosol,  whereas  those  linked  to 
the  syntaxin  transmembrane  domain  are  targeted  to  the 
membrane  compartments  of  the  cell.  These  results  further 
elucidate  the  role  of  the  transmembrane  domain  of  syntaxin 
in  regulated  exocytosis,  and  indicate  that  SNARE 
interactions  in  vivo  may  be  subject  to  more  complex 
regulation  than  those  observed  in  vitro,  relying  on 
location  as  well  as  structural  interactions  to  mediate 
membrane  fusion. 

Experimental  Procedures: 

The  experimental  procedures  to  generate  the  DNA 
constructs,  for  cloning,  PC12  cell  culture  and 
transfection,  the  secretion  and  ELISA  assays,  were 
described  in  the  Midterm  Report.  We  proceed  now  to  describe 
additional  procedures  used  since  the  submission  of  the 
Midterm  Report . 

HEK-293  culture  and  transfection.  HEK-293  cells 
(provided  by  William  Romanov  at  UCSD)  were  plated  at  50-80% 
confluency  one  day  prior  to  transfection.  Cells  were 
transfected  using  GenePorter2  reagent  according  to 
manufacturer's  instructions.  For  immunofluorescence 
studies,  cells  were  plated  onto  poly-L-lysine/borate 
treated  coverslips  in  24-well  culture  plates  and 
transfected  with  0. 5-1.0  (Xg/well  of  DNA.  Cells  were 
processed  for  immunofluorescence  staining  48  hours  after 
transfection.  For  Western  blot  studies,  cells  were  plated 
into  poly-D-lysine  or  poly-L-lysine/borate  treated  12-well 
tissue  culture  plates  and  transfected  with  1-2  jxg/well  of 
DNA.  Cells  were  extracted  for  SDS-PAGE  and  Western 
blotting  analysis  48  hours  after  transfection 

Indirect  immunofluorescence.  Transfected  HEK-293  cells 
were  fixed  in  PFA  (4%  paraformaldehyde  in  phosphate  buffer 
saline  -PBS,  pH  7.4)  for  15-30  minutes  at  room  temperature, 
washed  three  times  in  PBS,  permeabilized  in  PBS/0.2% 
Triton-X  100/0. 1M  Glycine  for  5-10  minutes,  washed  three 
times  in  PBS  and  then  blocked  for  1  hour  in  10%  Goat  or 
Horse  serum  in  PBS.  Primary  antibodies  were  applied  in 
blocking  buffer  at  4°C  overnight.  After  three  washes  in 
PBS,  secondary  antibodies  were  applied  in  blocking  buffer 
for  1-2  hours  at  room  temperature,  washed  three  times  in 
PBS,  mounted  onto  slides  using  VectaShield  and  viewed  using 
an  Olympus  Fluorescent  microscope,  60X  water  immersible 
objective  lens.  Images  were  captured  via  a  CCD  camera  and 
processed  using  MetaMorph  and  Photoshop  software. 
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SDS-PAGE  and  Western  blotting.  Transfected  HEK-293 
cells  were  extracted  in  O.lml/well  1%  SDS  containing  a 
protease  inhibitor  cocktail  and  boiled  for  10  minutes. 
Laemmli  sample  buffer  with  (3-mercaptoethanol  was  added  and 
samples  were  boiled  an  additional  5  minutes,  run  on  12% 
Tris/Glycine  gels  and  transferred  to  Immobilon  PVDF 
membrane.  Membranes  were  blocked  in  5%  nonfat  milk  in  TBST 
(50mM  Tris,  150mM  NaCl,  0.1%  Tween-20,  pH  7.5)  for  one 
hour,  primary  antibodies  were  applied  in  blocking  buffer  at 
4°C  overnight,  washed  three  times  in  TBST,  then  secondary 
antibodies  were  applied  in  blocking  buffer  for  1-2  hours  at 
room  temperature.  After  washing  in  TBST,  blots  were 
developed  using  the  NBT/BCIP  colorimetric  reaction. 

We  turn  now  to  summarize  the  new  findings. 

BoNT  LCC  is  a  more  potent  inhibitor  of  ATP-evoked  hGH 
secretion  in  PC12  cells  than  LCE  or  LCA. 

To  compare  the  activities  of  BoNT  A,  E  and  C  and  to 
establish  a  positive  control  for  inhibition  of  exocytosis 
in  the  PC12  cell  secretion  assay,  constructs  encoding  the 
three  toxin  light  chains  were  each  transiently 
cotransfected  into  PC12  cells  with  the  human  growth  hormone 
(hGH)  marker  plasmid.  ATP-evoked  hGH  secretion  was 
measured  72  hours  later,  as  described.  In  this  system 
using  these  clones,  we  found  that  LCC  inhibited  secretion 
most  strongly  (76.2%  ±  7.7%,  n=8  duplicates),  followed  by 
LCE  (56.9%  ±  14.6%,  n=7  duplicates)  and  LCA  (48.8%  ±  10.3%, 
n=6  duplicates)  in  descending  order  of  potency  (Fig.  5)  . 
LCC  was  therefore  established  as  the  endpoint  for 
inhibition  for  this  assay,  against  which  SNARE  protein 
constructs  were  compared  for  their  efficacy  in  suppressing 
secretion. 

Syntaxin  is  the  only  SNARE  protein  which  interferes  with 
ATP-evoked  exocytosis  when  overexpressed  in  PC12  cells. 

To  determine  inhibitory  activity  of  SNAREs  and  some  of 
their  associated  proteins,  whole  protein-encoding 
constructs  were  tested  for  their  ability  to  block  ATP- 
evoked  release  of  hGH  from  PC12  cells.  Syntaxin  la 
interferes  with  hGH  release  when  coexpressed  in  PC12  cells, 
inhibiting  secretion  by  nearly  75%  (Figs.  6  and  7),  in 
agreement  with  [40-42].  In  contrast,  SNAP-25,  VAMP-2, 
Munc-  18  or  synaptotagmin-1  (STG1)  had  no  significant 
effect  on  regulated  secretion  (Fig.  6) . 
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Structure-assisted  molecular  dissection  of  syntaxin  la 
domains  involved  in  SNARE  complex  formation. 

Given  the  inhibitory  activity  of  syntaxin  la  in  this 
system,  deletion  constructs  were  designed  based  on  the 
recent  crystal  structures  of  the  SNARE  core  complex  [2]  and 
of  syntaxin  complexed  with  Nsecl  [43] .  The  latter 
structure  discloses  three  subdomains  a,  b  and  c  within  the 
syntaxin  SNARE  motif.  ST1-288  represents  full  length 
syntaxin  la,  ST251-288  encodes  the  transmembrane  domain  of 
syntaxin  la,  ST226-288  encodes  the  H3c  plus  transmembrane 
domains,  ST211-288  encodes  the  H3b  and  c  plus  transmembrane 
domains,  and  ST191-288  encodes  H3a,  b,  c  and  transmembrane 
domains.  ST191-260  encodes  the  H3  coil  alone,  ST1-260 
encodes  cytosolic  syntaxin  la  without  the  transmembrane 
domain,  ST211-251  represents  a  minimal  central  coil 
spanning  the  Q226  residue,  and  ST191-218  encodes  a 
component  predicted  to  allow  coil  formation  together  with 
peptides  representing  the  coil  forming  regions  of  SNAP-25 
and  VAMP 2  (Appendix  #4) .  While  the  syntaxin  la  SNARE  motif 
alone  (ST191-260)  is  not  active  in  this  expression  system, 
robust  inhibition  of  exocytosis  is  seen  when  the  syntaxin 
la  transmembrane  domain  is  included  (see  ST191-288,  Fig. 
7)  .  The  transmembrane  construct  ST211-288  missing  the  H3a 
helix  is  also  highly  active,  but  subsequent  deletions  of 
helices  H3b  and  H3c  lead  to  a  drastic  drop  in  inhibition 
(see  ST226-288  and  ST251-288,  Fig.  7)  .  It  is  interesting 
to  note  that  inhibitory  activity  is  lost  when  the  membrane 
attached  SNARE  motif  no  longer  spans  the  zero  layer  Q226 
residue  [2]  .  As  was  shown  previously,  cytosolic  syntaxin 
lacking  a  transmembrane  domain  (ST1-260)  inhibits 
regulated  secretion  [41].  The  SNARE  motif  region  of 
syntaxin  is  known  to  interact  with  several  proteins  besides 
those  involved  directly  in  the  SNARE  coiled-coil,  including 
Nsecl,  calcium  channels  and  several  other  proteins  [44-50] . 
It  is  possible  that  the  activity  of  our  constructs  reflect 
the  importance  of  these  interactions  as  well  as  the 
participation  of  syntaxin  la  in  the  SNARE  core  complex. 
Clearly,  the  syntaxin  la  SNARE  motif  coupled  to  the 
transmembrane  domain  embodies  a  minimum  entity  sufficient 
to  compete  with  native  syntaxin  la  for  the  assembly  of  a 
functional  SNARE  complex. 
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Structure-assisted  molecular  dissection  of  SNAP-25  domains 
involved  in  SNARE  complex  formation. 

Helical  regions  of  SNAP-25  were  cloned  using  the 
polymerase  chain  reaction  (PCR)  as  described  and  tested  for 
their  ability  to  inhibit  secretion  in  PC12  cells  (Fig.  8). 
SNl-82  represents  the  N-terminal  coil  (aa  1-82) ,  SNl-141 
encodes  the  N-terminal  coil  in  addition  to  the  membrane 
associated  region  of  SNAP-25  ,  SN142-206  indicates  the  C- 
terminal  coil,  SN154-197  represents  a  minimal  C-terminal 
coil  spanning  the  central  Q174  residue,  SN82-206  includes 
the  membrane-associated  region  and  the  C-coil,  SN1-197 
represents  the  larger  cleavage  product  of  BoNT  A  missing 
only  the  9  C-terminal  amino  acids,  and  SNl-180  is  the 
larger  product  of  cleavage  by  BoNT  E.  SN172-206  and  SN181- 
206  encode  the  C-terminal  35  and  26  amino  acids  of  SNAP-25, 
respectively.  Both  the  SNl-82  and  SN142-206  constructs, 
expressing  the  N-  and  C-terminal  SNARE  motifs  of  SNAP-25 
respectively,  exhibit  low  to  moderate  inhibitory  activity. 
Constructs  SN1-197  and  SNl-180  encoding  the  larger  products 
of  BoNT  LCA  and  LCE  cleavage,  respectively,  are  clearly 
inhibitory,  consistent  with  reports  in  chromaffin  cells, 
suggesting  that  these  cleavage  products  may  contribute  to 
the  paralysis  induced  by  BoNTs  [51,52].  None  of  the  SNAP- 
25  constructs  tested  matches  the  strong  inhibitory  activity 
displayed  by  the  syntaxin  construct  ST191-288  (Fig.  7). 
Boosted  expression  of  the  26  and  35  C-terminal  SNAP-25 
constructs  using  sodium  butyrate  and  trichostatin  A,  agents 
known  to  drive  expression  of  the  CMV  promoter  of  many 
mammalian  expression  vectors  [53],  did  not  result  in 
increased  inhibition  with  these  clones. 

SNARE  chimeras . 

Given  the  discrepancy  between  inhibition  using  peptide 
expression  and  direct  peptide  introduction  into  cells,  it 
was  hypothesized  that  the  SN172— 206  and  SN181-206  encoding 
products  may  be  degraded  or  relegated  to  compartments 
within  the  cell  not  involved  in  exocytosis.  Based  on  the 
finding  that  the  membrane  anchored  ST191-288  construct  is 
inhibitory  whereas  the  SNARE  motif  encoding  ST191-260 
construct  is  inactive  under  these  conditions,  chimeras  were 
designed  combining  the  transmembrane  domain  of  syntaxin  la 
(ST251-288)  with  both  SN181-206  and  SN172-206.  Neither 
chimera  acted  as  a  potent  inhibitor  of  secretion  when 
compared  to  any  toxin  light  chain  or  to  the  inhibitory 
syntaxin  constructs  (Figs.  7  and  Table  2).  However,  a 
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chimera  combining  the  full  length  C-terminal  SNARE  motif  of 
SNAP-25  (SN142-206)  with  the  syntaxin  transmembrane  domain 
demonstrated  a  two-fold  increase  in  inhibitory  activity 
over  the  SNAP-25  C-terminal  coil  alone  (Table  2,  9A) .  These 
results  indicate  that  the  transmembrane  domain  of  syntaxin 
may  enhance  the  inhibitory  effect  of  some  SNARE  helical 
constructs  on  ATP-evoked  hGH  secretion  in  transiently 
transfected  PC12  cells.  For  the  SNAP-25  chimeras,  as  for 
the  syntaxin  constructs,  the  central  Q  residue  of  the  SNARE 
motif  [2]  is  required  to  confer  inhibitory  activity  to  the 
construct.  To  localize  expression  of  these  protein 
products,  HEK-293  cells  transiently  transfected  with  SNAP- 
25,  syntaxin,  the  C-terminal  coil  of  SNAP-25  and  the 
chimera  combining  SN142-206  and  ST251-288  were  subjected  to 
immunof luorescent  staining.  As  shown  in  Fig.  9B,  the 
SNARE  proteins  SNAP-25  and  syntaxin  la  exhibit  membrane- 
associated  localization,  whereas  the  peptide  fragment 
SN142-206  is  expressed  throughout  the  cytosol.  When  this 
peptide  fragment  is  linked  to  the  syntaxin  transmembrane 
domain,  however,  localization  is  again  directed  to  the 
membrane  (Fig.  9B,  C)  .  Immnunoblot  analysis  confirms 
expression  and  appropriate  size  of  the  transfected  protein 
products  (Fig.  9C) . 

These  results  provide  novel  information  about  the 
nature  of  the  molecular  interactions  underlying  the  role  of 
SNARE  proteins  in  neurosecretion,  pointing  to  the 
significance  not  only  of  protein  sequence  and  structure, 
but  also  membrane  localization  in  regulated  exocytosis. 
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KEY  RESEARCH  ACCOMPLISHMENTS 

•  APPENDIX  1.  Peptides  that  mimic  the  carboxy-terminal 
domain  of  SNAP-25  block  acetylcholine  release  at  an 
Aplysia  synapse. 

Botulinum  neurotoxin  serotypes  A  and  E  (BoNT/A  and  BoNT/E) 
block  neurotransmitter  release,  presumably  by  cleaving 
SNAP-25,  a  protein  involved  in  docking  of  synaptic  vesicles 
with  the  presynaptic  plasma  membrane.  Three  excitation- 
secretion  uncoupling  peptides  (ESUPs) ,  which  mimic  the 
carboxy-terminal  domain  of  SNAP-25  and  span  or  adjoin  the 
cleavage  sites  for  BoNT/A  and  BoNT/E,  also  inhibit 
transmitter  release  from  permeabilized  bovine  chromaffin 
cells.  In  this  study,  these  peptides  were  tested  for 
effects  on  acetylcholine  (ACh)  release  at  an  identified 
cholinergic  synapse  in  isolated  buccal  ganglia  of  Aplyisia 
calif  ornica .  The  presynaptic  neuron  was  stimulated 
electrically  to  elicit  action  potentials.  The  postsynaptic 
neuron  was  voltage-clamped,  and  evoked  inhibitory 
postsynaptic  currents  (IPSCs)  were  recorded.  The  ESUPs  were 
pressure-injected  into  the  presynaptic  neuron,  and  their 
effects  on  the  amplitude  of  the  IPSCs  were  studied. 
Acetylcholine  release  from  presynaptic  cells,  as  measured 
by  IPSC  amplitudes,  was  gradually  inhibited  by  the  ESUPs. 
All  three  peptides  caused  ca.  40%  reduction  in  IPSC 
amplitude  in  2  h.  Random-sequence  peptides  of  the  same 
amino  acid  composition  had  no  effect.  Injection  of  BoNT/E, 
in  contrast,  caused  ca.  50%  reduction  in  IPSC  amplitude  in 
30  min  and  almost  complete  inhibition  in  2  h.  These  results 
are  the  first  demonstration  that  ESUPs  block  neuronal 
cholinergic  synaptic  transmission.  They  are  consistent  with 
the  concept  that  ESUPs  compete  with  the  intact  SNAP-25  for 
binding  with  other  fusion  proteins,  thus  inhibiting 
stimulus-evoked  exocytosis  of  neurotransmitters. 

J.  Appl .  Toxicol . 19 : S23-S26  (1999) 

•  APPENDIX  2.  Activation  of  store-operated  calcium-current 
in  Xenopus  oocytes  requires  SNAP-25  but  not  a  diffusible 
messenger . 

Depletion  of  Ca2+  stores  in  Xenopus  oocytes  activated  entry 
of  Ca2+  across  the  plasma  membrane,  which  was  measured  as  a 
current  ISoc  in  subsequently  formed  cell-attached  patches. 
Isoc  survived  excision  into  inside-out  configuration.  If 
cell-attached  patches  were  formed  before  store  depletion, 
Isoc  was  activated  outside  but  not  inside  the  patches.  Isoc 
was  potentiated  by  microinjection  of  Clostridium  C3 
transferase,  which  inhibits  Rho  GTPase,  whereas  Isoc  was 
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inhibited  by  expression  of  wild-type  or  const itutively 
active  Rho.  Activation  of  Isoc  was  also  inhibited  by 
Clostridium  BoNT  A  and  dominant-negative  mutants  of  SNAP-25 
but  was  unaffected  by  brefeldin  A.  These  results  suggest 
that  oocyte  Isoc  is  dependent  not  on  aqueous  diffusible 
messengers  but  on  SNAP-25,  probably  via  exocytosis  of 
membrane  channels  or  regulatory  molecules. 

Cell  98:475-485  (1999) 

•  APPENDIX  3.  Electrostatic  attraction  at  the  core  of 
membrane  fusion. 

SNARE  proteins  appear  to  be  involved  in  homotypic  and 
heterotypic  membrane  fusion  events.  The  crystal  structure 
of  the  synaptic  SNARE  complex  exhibits  a  parallel  four- 
helical  bundle  fold  with  two  helices  contributed  by  SNAP- 
25,  a  target  SNARE  (t-SNARE) ,  and  the  other  two  by  a 
different  t-SNARE,  syntaxin,  and  a  donor  vesicle  SNARE  (v- 
SNARE) ,  synaptobrevin.  The  carboxy-terminal  boundary  of  the 
complex,  predicted  to  occur  at  the  closest  proximity 
between  the  apposed  membranes,  displays  a  high  density  of 
positively  charged  residues.  This  feature  combined  with  the 
enrichment  of  negatively  charged  phospholipids  in  the 
cytosolic  exposed  leaflet  of  the  membrane  bilayer  suggest 
that  electrostatic  attraction  between  oppositely  charged 
interfaces  may  be  sufficient  to  induce  dynamic  and  discrete 
micellar  discontinuities  of  the  apposed  membranes  with  the 
transient  breakdown  at  the  junction  and  subsequent 
reformation.  Thus,  the  positively  charged  end  of  the  SNARE 
complex  in  concert  with  Ca2+  may  be  sufficient  to  generate  a 
transient  "fusion  pore". 

FEBS  Lett.  447:129-130  (1999) 

•  APPENDIX  4.  Assembly  of  a  ternary  complex  by  the  predicted 
minimal  coiled-coil  forming  domains  of  syntaxin,  SNAP-25 
and  synaptobrevin. 

The  assembly  of  target  (t-SNARE)  and  vesicle-associated  (v- 
SNARE)  proteins  is  a  critical  step  for  the  docking  of  synaptic 
vesicles  to  the  plasma  membrane.  Syntaxin-IA,  SNAP-25  and 
synaptobrevin -2  (VAMP-2)  bind  to  each  other  with  high 
affinity,  and  their  binding  regions  are  predicted  to  form  a 
trimeric  coiled-coil.  We  designed  three  peptides  which 
correspond  to  sequences  located  in  the  syntaxin-lA  H3  domain, 
the  C-terminal  domain  of  SNAP-25,  and  a  conserved  central 
domain  of  synaptobrevin-2,  that  exhibit  a  high  propensity  to 
form  a  minimal  trimeric  coiled-coil.  The  peptides  were 
synthesized  by  solid  phase  methods  and  their  interactions  were 
studied  by  CD  spectroscopy.  In  aqueous  solution,  the  peptides 
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were  unstructured  and  showed  no  interactions  with  each  other. 
In  contrast,  upon  addition  of  moderate  amounts  of 
trif luoroethanol  (30%),  the  peptides  adopted  an  a-helical 
structure  and  displayed  both  homomeric  and  heteromeric 
interactions.  The  interactions  observed  in  ternary  mixtures 
induce  a  stabilization  of  peptide  structure  that  is  greater 
than  that  predicted  from  individual  binary  interactions, 
suggesting  the  formation  of  a  higher  order  structure 
compatible  with  the  assembly  of  a  trimeric  coiled-coil. 

J.  Biol.  Chem.  273:34214-34221  (1998) 

•  APPENDIX  5.  The  26-mer  peptide  released  from  SNAP-25  by 
cleavage  botulinum  neurotoxin  E  inhibits  vesicle  docking. 

BoNT  E  cleaves  SNAP-25  at  the  C-terminal  domain  releasing  a 
26-mer  peptide.  This  peptide  product  may  act  as  an  excitation- 
secretion  uncoupling  peptide  (ESUP)  to  inhibit  vesicle  fusion 
and  thus  contribute  to  the  efficacy  of  BoNT  E  in  disabling 
neurosecretion.  We  have  addressed  this  question  using  a 
synthetic  26-mer  peptide  which  mimics  the  amino  acid  sequence 
of  the  naturally  released  peptide,  and  is  hereafter  denoted  as 
ESUP  E.  This  synthetic  peptide  is  a  potent  inhibitor  of  Ca2+- 
evoked  exocytosis  in  permeabilized  chromaffin  cells  and 
reduces  neurotransmitter  release  from  identified  cholinergic 
synapses  in  in  vitro  buccal  ganglia  of  Aplysia  californica.  In 
chromaffin  cells,  both  ESUP  E  and  BoNT  E  abrogate  the  slow 
component  of  secretion  without  affecting  the  fast,  Ca  - 
mediated  fusion  event.  Analysis  of  immunoprecipitates  of  the 
synaptic  ternary  complex  involving  SNAP-25,  VAMP  and  syntaxin 
demonstrates  that  ESUP  E  interferes  with  the  assembly  of  the 
docking  complex.  Thus,  the  efficacy  of  BoNTs  as  inhibitors  of 
neurosecretion  may  arise  from  the  synergistic  action  of 
cleaving  the  substrate  and  releasing  peptide  products  that 
disable  the  fusion  process  by  blocking  specific  steps  of  the 
exocytotic  cascade. 

FEBS  Lett.  435:84-88  (1998) 

•  APPENDIX  6.  Structural  stabilization  of  botulinum 
neurotoxins  by  tyrosine  phosphorylation. 

Tyrosine  phosphorylation  of  BoNTs  augments  their  proteolytic 
activity  and  thermal  stability,  suggesting  a  substantial 
modification  of  the  global  protein  conformation.  We  used 
Fourier-Transform  Infrared  ( FTIR)  spectroscopy  to  study  the 
modulation  of  secondary  structure  and  thermostability  of 
tyrosine  phosphorylated  BoNT  A  and  BoNT  E.  Changes  in  the 
conf ormat ionally-sensit ive  amide  I  band  of  the  infrared 
spectra  upon  phosphorylation  indicated  alterations  in  the 
protein  secondary  structure;  the  a-helix  content  increased 
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with  a  concomitant  decrease  of  less  ordered  structures  such  as 
turns  and  random  coils,  and  without  any  change  in  P-sheet 
content.  This  change  in  secondary  structure  was  accompanied  by 
an  increase  in  the  amide  II  band  absorbance  remaining  upon  H-D 
exchange,  suggesting  tighter  packing  for  the  phosphorylated 
protein.  FTIR  and  Differential  Scanning  Calorimetry  (DSC) 
analyses  of  the  denaturation  process  show  that  phosphorylated 
neurotoxins  denaturated  at  temperatures  higher  than  those 
required  by  nonphosphorylated  species.  These  findings  indicate 
that  tyrosine  phosphorylation  induced  transition  to  higher 
order  and  more  compact  structure  probably  imparts  to  the 
phosphorylated  neurotoxins  the  higher  catalytic  activity  and 
thermostability. 

FEBS  Lett.  429:78-82  (1998) 

•  Structural  characteristics  of  a  23-mer  channel  forming 
peptide  from  botulinum  neurotoxin  type  A. 

A  channel-forming  peptide  from  the  translocation  domain  of  the 
HC  of  BoNTA  has  been  examined  by  CD  in  order  to  probe 
transitions  in  secondary  structure  induced  by  environmental 
variables  such  as  solvent  polarity  and  pH.  The  secondary 
structure  of  the  peptide  is  highly  sensitive  to  solvent  and 
pH.  In  aqueous  solution  at  pH  7.0,  the  peptide  was 
unstructured.  In  contrast,  upon  addition  of  trif luoroethanol 
(up  to  60%),  the  peptide  adopted  a  conformation  compatible 
with  a  mixture  of  oc-helix  and  P-sheets.  At  pH  3.3,  the  peptide 
exhibited  primarily  a  P-sheet  configuration  at  TFE 
concentrations  below  30%,  whereas  it  was  primarily  cc-helical 
at  TFE  concentrations  above  40%.  This  sensitivity  to  pH  and 
solvent  polarity  are  compatible  with  the  requirement  of  an 
amphipathic  segment  to  insert  into  the  hydrophobic  core  of  a 
bilayer.  Such  features  are  consistent  with  the  channel  forming 
activity  recorded  after  reconstitution  of  the  peptide  in  lipid 
bilayers  and  may  reflect  the  key  contribution  of  this  segment 
of  the  HC  towards  the  insertion  of  the  translocation  domain 
into  the  bilayer  core. 

Protein  Sci .  7:  p.116,  Abst.  361-  (1998) 
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Xenopus  oocytes  requires  SNAP-25  but  not  a  diffusible 
messenger.  U.S.  Army  Medical  Defense  Bioscience  Review. 
Hunt  Valley,  Maryland,  4  June-9  June,  2000. 

•  Patents  and  licenses  applied  for  and/or  issued: 

1.  U.S.  Patent  #  5,837,265. 

Title:  CHEMICALLY-MODIFIED  CLOSTRIDIATOXIN  WITH  IMPROVED 

PROPERTIES 

Inventors:  Mauricio  Montal,  Antonio  Ferrer-Montiel 

University  of  California  Reference:  SD  96-036 

Issue  date:  November  17,  1998 

2.  U.S.  Patent  Patent  #  6,169,074B1. 

Title:  PEPTIDE  INHIBITORS  OF  NEUROTRANSMITTER  SECRETION  BY 

NEURONAL  CELLS. 

Inventors:  Mauricio  Montal,  Antonio  Ferrer-Montiel  and 

Jaume  Canaves. 

University  of  California  Reference:  SD  96-088 

Issue  date:  January  2,  2001 

•  Degrees  obtained:  Not  applicable. 

•  Development  of  cell  lines:  Not  applicable. 

•  Informatics:  Not  applicable. 

•  Funding  applied  for  based  on  work  supported  by  this 

award:  A  new  application  entitled  "Combinatorial 

Strategies  And  High  Throughput  Screening  In  Drug 
Discovery  Targeted  To  The  Channel  Of  Botulinum 
Neurotoxin"  was  submitted  to  Department  of  the  Army,  US 
Army  Medical  Research  Acquisition  Activity,  and  has  been 
identified  with  Log.  No.  01170001. 

•  Employment  or  research  opportunities  based  on  this  award: 
Not  applicable. 
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PERSONNEL  RECEIVING  PAY  FROM  THE  RESEARCH  EFFORT 
Mauricio  Montal,  P.I. 

Natalie  Gude,  Staff  Research  Associate 
Lilia  Koriazova,  Postgraduate  Researcher 
Judy  Moreen,  Administrative  Assistant 
Lisa  Parry,  Laboratory  Assistant 
Jae-Young  Seo,  Laboratory  Assistant 
Doug  Bei,  Laboratory  Assistant 
Kay  Chang,  Laboratory  Assistant 

CONCLUSIONS 

The  thrust  of  this  program  aimed  to  identify  the  role  of 
the  channel-forming  domain  of  the  HC  in  the  intoxication 
process  and,  ultimately,  to  provide  a  potential  target  for 
drug  intervention  in  the  management  of  botulism  based  on 
the  development  of  BoNT-specif ic  channel  blockers.  The 
contribution  of  the  cleavage  products  of  BoNTs  activity  on 
their  substrates  to  the  global  intoxication  efficacy  was 
also  evaluated.  A  patent,  resulting  from  this  analysis,  has 
been  awarded:  it  embodies  the  concept  that  the  peptide 
products  of  substrate  proteolysis  by  BoNTs  can  be  developed 
into  lead  compounds  acting  as  practical  inhibitors  of 
neurotransmitter  secretion.  Considerable  progress  was 

achieved  in  both  fronts  of  the  program,  as  summarized  in 

the  BODY  of  the  report  and  ascertained  by  the  published 

work.  It  is  anticipated  that  this  concerted  and  focused 
program  will  continue  to  uncover  lead  compounds  that  may  be 
developed  into  selective  drugs  targeted  to  prevent, 
attenuate  or  relieve  the  neurotoxic  action  of  BoNT . 
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FIGURES  AND  FIGURE  LEGENDS 

Fig.  1.  BoNTA  holotoxin  and  HC  form  channels  in  lipid 
bilayers.  A.  Single  channel  currents  of  reduced  native  BoNT 
holotoxin  displaying  the  110  pS  channels.  Records  obtained 
at  -100  mV  in  symmetric  0.5  M  KC1,  1  mM  CaCl2,  2.5  mM  citrate 
pH  5.5.  Final  protein  concentration  was  2.5  |ig/ml.  A 
downward  deflection  indicates  channel  opening.  This  segment 
illustrates  the  occurrence  of  two  channels.  A  current 
amplitude  histogram  and  Gaussian  fit  is  shown  on  the  right 
panel.  This  histogram  was  calculated  for  the  initial  section 
of  the  record  in  which  a  single  channel  underwent 
transitions  between  closed  and  open  states.  C  and  0  denote 
closed  and  open  states.  The  probability  of  the  channel  being 
open,  P0,  or  closed,  Pc,  is  calculated  from  the  area  under 
the  corresponding  Gaussian  curve.  For  this  record,  the 
cumulative  P0  =  0.56.  The  single  channel  current  is 
calculated  as  the  difference  between  the  peaks  associated 
with  the  closed  and  open  states.  B.  Single  channel  currents 
from  bilayers  containing  native  BoNTA  HC .  Currents  were 
recorded  at  V=  -100  mV.  Final  protein  concentration  was  0.5 
|i,g/ml.  A  downward  deflection  indicates  channel  opening. 
Segments  of  a  continuous  record  illustrate  the  occurrence  of 
the  128  pS  channels.  Current  histogram  generated  from  a 
continuous  segment  of  a  record  lasting  several  minutes  and 
Gaussian  fit  are  shown  on  the  right  panel.  For  this  record, 
the  cumulative  P0  =  0.55.  C.  Single  channel  currents  from 
bilayers  containing  recombinant  BoNTA  HC .  Currents  were 
recorded  at  V=  -100  mV.  Final  protein  concentration  was  0.5 
(Xg/ml.  A  downward  deflection  indicates  channel  opening. 
Segments  of  a  continuous  record  illustrate  the  occurrence  of 
the  96  pS  channels.  Current  histogram  generated  from  a 
continuous  segment  of  a  record  lasting  several  minutes  and 
Gaussian  fit  are  shown  on  the  right  panel.  For  this  record, 
the  cumulative  Pq  =  0.48. 
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Fig.  2.  BoNT  LC  blocks  the  HC  channel.  A.  Single  channel 
currents  of  native  BoNT  HC  displaying  the  124  pS  channels. 
Records  obtained  at  -100  mV  in  symmetric  0.5  M  KC1,  1  mM 
CaCl2,  2.5  mM  citrate  pH  5.5.  Final  protein  concentration 
was  0.5  |xg/ml.  A  downward  deflection  indicates  channel 
opening.  Current  histogram  and  Gaussian  fit  are  displayed  in 
the  right  panel;  for  this  record,  the  cumulative  P0  =  0.47. 
B.  Single  channel  currents  from  bilayers  containing  native 
BoNT  HC  in  the  presence  of  BoNT  LC  in  the  trans-compartment . 
Records  obtained  at  -100  mV  in  symmetric  0.5  M  KC1,  1  mM 
CaCl2,  2.5  mM  citrate  pH  5.5.  Final  protein  concentration 
was  .  0.5  |Xg/ml  for  HC  and  0.5  |ig/ml  for  LC .  Current 
histogram  and  Gaussian  fit  are  displayed  in  the  right  panel; 
for  this  record,  y  =  29.8  pS  and  the  cumulative  P0  =  0.51. 
Note  the  occurrence  of  fast  transitions  between  open  and 
blocked  states.  Other  conditions  as  for  Fig.  1. 
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Fig.  3.  Quinacrine  blocks  the  BoNT  holotoxin  channel. 
Single  channel  recordings  and  current  histograms  of  BoNT 
holotoxin  in  the  absence  (A)  and  presence  (B)  of  10  (iM 
quinacrine.  Records  obtained  at  -100  mV  in  symmetric  0.5  M 
KC1 ,  1  mM  CaCl2,  2.5  mM  citrate  pH  5.5.  Final  protein 
concentration  was  0.5  |ig/ml.  Current  histogram  and  Gaussian 
fit  are  displayed  in  the  right  panel.  For  these  records,  in 
the  absence  of  quinacrine  y  =  112  pS  and  the  cumulative  Po  = 
0.54;  in  contrast,  in  the  presence  of  quinacrine  the 
histogram  can  only  be  fitted  with  a  single  Gaussian 
corresponding  to  the  closed  state.  Other  conditions  as  for 
Fig.  1. 
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Fig.  4.  QX-222  blocks  the  BoNT  holotoxin  channel.  Single 
channel  recordings  and  current  histograms  of  BoNT  holotoxin 
in  the  absence  (A)  and  presence  (B)  of  40  JXM  QX-222.  Records 
obtained  at  -100  mV  in  symmetric  0.5  M  KC1,  1  mM  CaCl2,  2.5 
mM  citrate  pH  5.5.  Final  protein  concentration  was  0.5 
|xg/ml.  Current  histogram  and  Gaussian  fit  are  displayed  in 
the  right  panel.  For  these  records,  in  the  absence  of  QX- 
222  the  current  histogram  is  fitted  with  the  sum  of  five 
Gaussians  (excluding  the  closed  state)  corresponding  to  the 
occurrence  of  five  channels  with  a  conductance  of 
approximately  110  pS.  In  the  presence  of  QX-222,  there  is  a 
marked  reduction  in  both  y  and  in  the  number  of  events.  The 
open  states  are  scarcely  populated  to  allow  a  meaningful 
fit  to  the  data  point;  the  histogram  is  best  fitted  with  a 
single  Gaussian  corresponding  to  the  closed  state.  Other 
conditions  as  for  Fig.  1. 
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Fig.  5.  Overexpression  of  BoNT  LC  A,  E  or  C  abrogates  ATP- 
evoked  secretion  of  hGH  in  PC12  cells.  PC12  cells  were 
transiently  cotransfected  with  plasmids  encoding  hGH  and 
pCDNA3 . 1+  for  control  (CTL)  or  BoNT  LC  A,  E  or  C.  After  72 
hours  in  culture  at  37°C,  5%  CO2,  hGH  secretion  was  induced 

using  basal  secretion  medium  with  or  without  300  |IM  ATP.  A) 
Basal  (-)  and  ATP-evoked  (  +  )  values  are  expressed  as  a 
percentage  of  the  total  cell  hGH  content  (mean  ±  SD)  .  B) 
ATP-evoked  values  are  normalized  to  control  and  reflect 
ATP-stimulated  levels  minus  the  basal  levels  shown  in  A 
(mean  ±  SD) .  n  denotes  individual  samples  measured  in 
multiple  experiments.  P<0.001  (Student's  t  test)  for  LCA, 
LCE  and  LCC . 
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Fig.  6.  Syntaxin  la  is  the  only  SNARE  protein  which 
interferes  with  ATP-evoked  exocytosis  when  overexpressed  in 
PC12  cells.  ATP-evoked  hGH  release  was  measured  in  PC12 
cells  transiently  cotransfected  for  72  hours  with  hGH- 
encoding  plasmid  and  plasmids  encoding  proteins  associated 
with  the  SNARE  complex  (mean  ±  SD) .  STG1  indicates 
synaptotagmin  I .  n  denotes  individual  samples  measured  in 
various  experiments.  P<0.001  for  syntaxin  la  (Student's  t 
test) .  Other  conditions  are  as  described  in  the  legend  for 
Figure  5 . 
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Syntaxin  la  constructs 
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Fig.  7.  Structure-assisted  molecular  dissection  of 

syntaxin  domains  involved  in  regulated  exocytosis.  A) 
Plasmids  encoding  syntaxin  la  deletion  constructs  were 
cloned  by  the  polymerase  chain  reaction  (PCR)  from  PC12 
cDNA  and  cotransfected  into  PC12  cells  with  hGH  marker 
plasmid.  Numbers  denote  the  N-  and  C-  terminal  amino  acids 
of  the  SNARE  constructs:  for  example,  ST1-288  represents 
full  length  syntaxin  la.  Habc  denotes  an  abbreviated 
depiction  of  the  three  N- terminal  coils  of  syntaxin  la. 
H3a,  H3b  and  H3c  indicate  the  three  helical  subdomains  of 
the  syntaxin  la  SNARE  motif  [43].  LCC  shows  the  cleavage 
site  for  BoNT  LC  C  between  amino  acids  K253  and  A254,  Q226 
marks  the  location  of  the  ionic  layer  glutamine  residue 
[2],  and  TM  denotes  the  transmembrane  domain.  B)  The 
extent  of  inhibition  effected  by  each  construct  on  hGH 
release  is  tabulated  and  expressed  with  respect  to 
pCDNA3 . 1+  control  plasmid,  defined  as  0%  (mean  ±  SD)  .  n 
denotes  duplicate  samples  from  several  experiments. 
***, P<0 . 001 (Student ' s  t  test).  Other  conditions  are  as 
described  in  the  legend  for  Figure  5 . 
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Fig.  8.  Structure-assisted  molecular  dissection  of  SNAP- 
25A  domains  involved  in  regulated  exocytosis.  A)  Plasmids 
encoding  SNAP-2 5A  deletion  constructs  were  cloned  by  PCR 
from  PC12  cDNA  and  cotransfected  into  PC12  cells  with  hGH 
marker  plasmid.  Numbers  denote  the  N-  and  C-  terminal 
amino  acids  of  the  SNARE  constructs:  for  example,  SNl-206 
stands  for  full  length  SNAP-25A.  Ncoil  and  Ccoil  depict 
the  two  SNARE  motifs  of  SNAP-25A.  LCE  shows  the  cleavage 
site  for  BoNT  LC  E  between  amino  acids  R180  and  1181.  B) 
The  extent  of  inhibition  effected  by  each  construct  on  hGH 
release  is  tabulated  and  expressed  with  respect  to 
pCDNA3.1+  control  plasmid,  defined  as  0%  (mean  ±  SD)  .  n 
denotes  duplicate  samples  from  at  least  two  experiments. 
**,P<0.01  (Student's  t  test).  Other  conditions  are  as 
described  in  the  legend  for  Figure  5 . 
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Fig.  9.  The  syntaxin  la  transmembrane  domain  increases 
inhibitory  activity  of  the  SNAP-25A  SNARE  motif  in  PC12 
cells  and  localizes  it  to  to  the  plasma  membrane  of  HEK-293 
cells  when  expressed  as  the  SN142-206uST251-288  chimera.  A) 
SN142-206  and  SN142-206J3T251-288  (SN142-206/TM)  constructs 
were  cotransfected  with  hGH  marker  plasmid  into  PC12  cells. 
Inhibitory  activity  of  SN142-206  compared  with  that  of 
SNl42-206uST251-288  (SN142-206/TM)  is  expressed  relative  to 
pCDNA3 . 1+  control  plasmid,  defined  as  0%  (mean  ±  SD) .  n=5, 
the  number  of  duplicate  samples  from  5  experiments. 
* , P<0 . 0  5  (Student's  t  test).  B)  SNAP-2 5A,  SN142-206,  the 
SN-142-206uST251-288  chimera  and  syntaxin  la  were 
transiently  transfected  into  HEK-293  cells  and  localized  by 
immunofluorescence  using  goat  anti-SNAP-25  C-terminal  (Fig. 
9Ba,  9Bb  and  9Bc)  or  mouse  anti-HPC-1  (Fig.  9Bd) 
antibodies.  For  Figures  9Ba-c,  secondary  antibody  was 
f luorescently  labeled  with  fluorescein  (green) ;  for  Figure 
9Bd,  secondary  antibody  was  f luorescently  labeled  with 
Texas  Red  (red) .  C)  HEK-293  cells  were  transiently 
transfected  with  pCDNA3.1+  control  (Figure  9C,  lane  1) , 
SNAP-2  5A  (Figure  9C,  lane  2)  or  the  SNl42-206uST251-288 
chimera  (Fig.  9C,  lane  3)  plasmid,  and  subjected  to 
immunoblotting  using  a  goat  anti-SNAP-25  C-terminal 
antibody. 


41 


%  inhibition  ATP-evoked  hGH  release 


A 


B 


SNAP-25A 


kDa 

29  -► 


SNAP-25A 

142-206 


SNAP-25A 
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Table  1  Summary  of  the  conditions  tested  to  examine  the 
postulated  mechanism  for  the  translocation  of  the  LCA  through 
the  HC  channel,  and  the  results  obtained 


CONDITION 


BoNTA  holotoxin 
reduced  before 
experiment 


BoNTA  holotoxin  - 
no  reduction 


BoNTA  holotoxin 
TCEP  -  cis  before 

acidification _ 

BoNTA  holotoxin  + 

TCEP  —  cis  after 
acidification 


BoNTA  holotoxin 
+  TCEP  -  trans 


HCA  -  no  reduction 


HCA  +  LCA  -  cis, 

5x  molar  excess 
before  acidification, 

no  reduction _ 

HCA  +  LCA  -  cis, 

5x  molar  excess 
after  acidification, 
no  reduction 


HCA  +  LCA  —  trans, 
2x  molar  excess, 
no  reduction 


ACIDIFICATION  INSERTION  CHANNEL 

ACTIVITY 


+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

Table  2.  Inhibition  of  regulated  exocytosis  in  PC12  cells 
by  SNAP-25A/syntaxin  la  TM  chimeras. 


peptide  and  chimera  constructs 

%  inhibition 

n 

SN172-206 

6.1  ±6.7 

8 

SN 1 72-206uST251-288 

10.6  ±9.3 

5 

SN181-206 

1.8  ±5.5 

5 

SN181-206uST251-288 

7.2  ±  10.4 

6 

SN154-197 

6.4  ±  11.0 

5 

SN154-197uST251-288 

14.8  ±  16.5 

2 

SN142-206 

13.7  ±3.2 

5 

SN142-206uST251-288 

31.9  ±8.8  *** 

5 

The  extent  of  inhibition  effected  by  SNAP-25A  peptide  and 
its  corresponding  chimeric  construct  on  hGH  release  is 
tabulated  and  expressed  with  respect  to  pCDNA3 . 1+  control 
plasmid,  defined  as  0%  (mean  ±  SD)  .  n  denotes  duplicate 
samples  from  at  least  two  experiments.  ***,P<0.001 
(Student's  t  test).  Peptides  are  identified  as  described 
in  Figure  8.  Chimeric  constructs  are  represented  by  using 
the  symbol  u  to  join  the  SNAP-2 5A  peptide  (in  regular  type) 
with  the  syntaxin  la  TM  segment  (in  bold  type)  .  Other 
conditions  are  as  described  in  the  legend  for  Figure  5 . 
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Botulinum  neurotoxin  serotypes  A  and  E  (BoNT/A  and  BoNT/E)  block  neurotransmitter  release, 
presumably  by  cleaving  SNAP-25,  a  protein  involved  in  docking  of  synaptic  vesicles  with  the  presynaptic 
plasma  membrane.  Three  excitation-secretion  uncoupling  peptides  (ESUPs),  which  mimic  the  carboxy- 
terminal  domain  of  SNAP-25  and  span  or  adjoin  the  cleavage  sites  for  BoNT/A  and  BoNT/E,  also 
inhibit  transmitter  release  from  permeabilized  bovine  chromaffin  cells.  In  this  study,  these  peptides 
were  tested  for  effects  on  acetylcholine  (ACh)  release  at  an  identified  cholinergic  synapse  in  isolated 
buccal  ganglia  of  Aplysia  californica.  The  presynaptic  neuron  was  stimulated  electrically  to  elicit  action 
potentials.  The  postsynaptic  neuron  was  voltage-clamped,  and  evoked  inhibitory  postsynaptic  currents 
(IPSCs)  were  recorded.  The  ESUPs  were  pressure-injected  into  the  presynaptic  neuron,  and  their  effects 
on  the  amplitude  of  the  IPSCs  were  studied.  Acetylcholine  release  from  presynaptic  cells,  as  measured 
by  IPSC  amplitudes,  was  gradually  inhibited  by  the  ESUPs.  All  three  peptides  caused  ca.  40%  reduction 
in  IPSC  amplitude  in  2  h.  Random-sequence  peptides  of  the  same  amino  acid  composition  had  no  effect. 
Injection  of  BoNT/E,  in  contrast,  caused  ca.  50%  reduction  in  IPSC  amplitude  in  30  min  and  almost 
complete  inhibition  in  2  h.  These  results  are  the  first  demonstration  that  ESUPs  block  neuronal 
cholinergic  synaptic  transmission.  They  are  consistent  with  the  concept  that  ESUPs  compete  with  the 
intact  SNAP-25  for  binding  with  other  fusion  proteins,  thus  inhibiting  stimulus-evoked  exocytosis 
of  neurotransmitter. 


INTRODUCTION 


The  botulinum  neurotoxins  (BoNTs),  of  which  there 
are  seven  serotypes  (A-G),  are  the  most  poisonous 
substances  known.  These  toxins  have  a  molecular 
weight  of  ca.  150  kDa  and  are  composed  of  two  poly¬ 
peptide  chains  linked  by  a  disulfide  bond  and  non¬ 
ce  valent  interactions.1  The  toxin  dichain  consists  of  a 
heavy  chain  (ca.  100  kDa)  and  a  light  chain  (ca. 
50  kDa).  Poisoning  by  BoNT  involves  four  sequential 
steps:  binding  by  the  toxin  heavy  chain  to  a  serotype- 
specific  receptor  on  the  presynaptic  neuronal  mem¬ 
brane;  internalization  of  the  toxin  by  an  endocytotic 
process;  release  of  the  light  chain  into  the  cytosol;  and 
enzymatic  cleavage  of  a  target  protein.2  The  BoNTs 
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are  zinc-dependent  endopeptidases3  having  a  high 
specificity  for  proteins  that  are  associated  with  the 
docking  and  fusion  of  synaptic  vesicles.  Each  of  the 
serotypes  has  been  shown  to  cleave  a  protein  that  is 
essential  for  exocytotic  release  of  neurotransmitter.4 
Botulinum  neurotoxin  A  cleaves  the  presynaptic  plasma 
membrane  protein  known  as  SNAP-25  (synaptosomal  - 
associated  protein  of  25  kDa)  at  a  site  near  the 
C-terminus  (Gln197-Arg198),  and  BoNT/E  cleaves 
SNAP-25  at  the  Argl80-Ile181  site.56  Recently,  Gutierrez 
et  al?  synthesized  a  20-amino  acid  (aa)  peptide  with 
the  same  sequence  as  the  C-terminal  domain  of  SNAP- 
25  (aa  187-206:  SNKTRIDEANQRATKMLGSG), 
which  spans  the  cleavage  site  for  BoNT/A  and  was 
designated  ESUP/A  (excitation-secretion  uncoupling 
peptide).  The  authors  focused  on  the  C-terminal  domain 
of  SNAP-25  because  it  is  a  target  of  BoNT/A  and 
BoNT/E  and  it  has  been  shown  to  interact  with  synap- 
tobrevin  and  syntaxin.4  They  found  that  ESUP/A 
blocked  Ca2+ -dependent  catecholamine  release  from 
permeabilized  bovine  chromaffin  cells,7  apparently  by 
blocking  vesicle  docking.8  Shorter  peptides  and  one 
mimicking  an  N-terminal  motif  were  inactive.7  Gutier¬ 
rez  et  al9  more  recently  have  synthesized  a  second  20- 
amino  acid  peptide  called  ESUP/E  (aa  170-189: 
EIDTQNRQIDRIMEKADSNK),  which  spans  the 
cleavage  site  for  BoNT/E,  and  a  26-amino  acid 
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Denticle  corresponding  to  the  sequence  of  the  peptide 
cleaved  from  SNAP-25  by  BoNT/E.  The  latter 
peptide  is  designated  ESUP/E26  (aa  181  206. 
IMEKADSNKTRIDEANQRATKMLGSG)  and  was  ex¬ 
pected  to  be  more  effective  in  inhibiting  transmitter 
release.  To  determine  whether  ESUPs  inhibit  transmit¬ 
ter  release  at  neuronal  synapses,  the  effect  of  these 
peptides  on  ACh  release  at  identified  cholinergic  syn¬ 
apses10  of  Aplvsia  californica  was  investigated  and 
compared  with 'the  effect  of  BoNT/E  application.  We 
found  that  ESUPs  cause  ca.  40%  inhibition  of  acetylch¬ 
oline  (ACh)  release  in  2  h,  compared  with  nearly  com¬ 
plete  inhibition  by  BoNT/E. 


Experiments  were  performed  with  neuronal  prep¬ 
arations  from  the  marine  mollusc  Aplysia  californica. 
Inhibition  of  nerve-evoked  release  of  ACh  was  meas¬ 
ured  at  identified  cholinergic  synapses  in  buccal  gang¬ 
lia10  using  procedures  similar  to  those  described  by 
Poulain  etal.n  The  buccal  ganglia  were  surgically 
removed  and  pinned  to  the  Sylgard®  (Dow  Coming, 
Midland,  Ml)-lined  bottom  of  an  acrylic  chamber,  and 
the  connective  tissue  capsule  was  surgically  removed. 
The  soma  of  identified  pre-  and  postsynaptic  chol¬ 
inergic  neurons  (Fig.  1)  were  impaled  with  glass 
microelectrodes  (2—4  Mfl  filled  with  2  M  potassium 
acetate.  Action  potentials  were  evoked  in  presynaptic 
neurons  by  suprathreshold  depolarizing  stimuli  applied 
once  every  10  s.  Neurotransmitter  release  was  assessed 
by  measuring  the  amplitude  of  the  inhibitory  postsyn¬ 
aptic  current  (1PSC)  recorded  in  a  voltage-clamped 
follower  neuron.  Presynaptic  potentials  and  postsynap¬ 
tic  currents  were  digitized  and  stored  on  a  laboratory 
computer  using  pClamp  software  (Axon  Instruments, 


Inc.,  Foster  City,  CA).  Responses  were  analyzed  only 
if  they  were  not  obscured  by  spontaneous  IPSCs,  which 
were  frequent  in  some  preparations.  The  preparation 
was  superfused  continuously  at  a  rate  of  1  ml  min 
with  artificial  seawater  (ASW)  containing  the  following 
(in  mM):  NaCl,  480;  KC1,  10;  CaCl2,  10;  MgCl2,  20; 
MgS04,  30;  NaHC03,  2.5;  HEPES,  10;  at  pH  7.8.  The 
ganglia  were  maintained  at  room  temperature  during 
the  experiments. 

Excitation-secretion  uncoupling  peptides  O  mM) 
were  dissolved  in  a  600  mM  NaCl/10  mM  HEPES 
solution  (pH  7.8)  containing  1 %  (w/v)  Fast  Green 
FCF  dye  (Sigma  Chemical  Company,  St.  Louis,  MO) 
to  aid  in  visualizing  the  injected  solution.  - 
Random-sequence  peptides  of  the  same  amino 
acid  composition  as  ESUP/A  (ESUP/A  Random: 
TDSSGREM1KANKQLANGTR)  or  ESUP-E26  (ESUP- 
E26  Random:  ESDNDTRAIKITQAGSMKRMGLNAKE) 
were  synthesized  and  used  as  controls.  Randomized 
sequences  were  generated,  their  secondary  structures 
were  predicted  using  improved  self-optimized  predic¬ 
tion  method  analysis  (SOPMA)13  and  the  sequences 
with  an  a-helical  content  similar  to  the  original 
sequence  were  run  against  the  Prosite  database.  Pep¬ 
tides  were  air  pressure-injected  into  the  presynaptic 
cell  by  micropipette.  The  volume  of  solution  injected 
was  less  than  10%  of  the  estimated  cell  volume,  yield- 
a  final  intrarelhiiar  oeDtide  concentration 


^100  |iM.  ii*. 

Pure  BoNT/E  was  purchased  from  Drs  E.  A.  Johnson 
and  M.  Goodnough,  Food  Research  Institute,  University 
of  Wisconsin-Madison.  The  single-chain  neurotoxin 
was  converted  to  the  ‘nicked’  dichain  form  by  treat¬ 
ment  with  0.3  mg  ml”1  trypsin  XI  for  30  min  at  37°C, 
followed  by  incubation  with  0.5  mg  ml  1  soybean  tryp¬ 
sin  inhibitor  for  15  min  at  room  temperature.14  Aliquots 
of  the  nicked  toxin  were  frozen  at  -80°C  and  then 
thawed  and  treated  with  1  mM  dithiothreitol  for  30  min 


Finura  1  Schematic  diagram  of  the  cephalic  surface  of  the  paired  buccal  ganglia.  Numbered  presynaptic  (dark)-  and  Postsynaptic 
(Hght)-shaded  cells  are  indicated.  Within  each  hemiganglion,  each  presynaptic  neuron  projects  to  all  of  the  indicated  postsyn  p 
neurons.  (Modified  from  Gardner  and  Kandel.10) 
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Figure  2.  Excitation-secretion  uncoupling  peptide  A  blocks  synaptic  transmission  in  an  Aplysia -buccal  ganglion  choiinergicsynaps^ 
Acetylcholine  release  was  monitored  as  the  amplitude  of  the  iPSC  (dotted  trace)  el.c.ted  by  an  evoked  act: on 
trace)  in  the  presynaptic  neuron.  Recordings  show  the  decrease  in  IPSC  amplitude  120  mm  (B)  after  injection  of  ESUP/A  into  the 
presynaptic  neuron  at  time  zero  (A).  Injection  of  other  active  ESUPs  produced  similar  effects. 


at  room  temperature  before  use15  to  enhance  the  enzy¬ 
matic  activity  of  the  toxin  light  chain.  The  BoNT/E 
concentration  in  the  micropipette  was  3.3  \xM. 


RESULTS 


Release  of  ACh  by  the  presynaptic  neuron  in  response 
to  electrically  evoked  action  potentials  was  assessed 
by  measuring  the  amplitude  of  the  evoked  IPSCs  in  a 
voltage-clamped  postsynaptic  neuron.  Figure  2  shows 
superimposed  action  potentials  and  IPSCs  in  a  typical 
experiment.  The  ESUP/A  was  injected  at  time  zero 
(A)  and  the  resultant  decline  of  IPSC  amplitude  is 
shown  at  120  min  (B).  The  IPSC  amplitude  declined 
to  55%  of  the  control  value  120  min  after  injection  of 
ESUP/A.  The  decline  of  IPSC  amplitude  caused  by 
ESUP/A  was  gradual  and  incomplete,  typically  requir¬ 
ing  2h  to  reach  a  stable  level  of  55.1%  (±4.5;  n-  8) 
of  the  control  value. 

The  time-course  of  the  effect  of  peptide  injection 
on  IPSC  amplitude  is  shown  in  Fig.  3.  Peptide  (either 


active  ESUPs  or  random-sequence  control  peptides) 
was  injected  at  time  zero.  The  large  increase  in  IPSC 
amplitude  following  injection  was  a  frequent  conse¬ 
quence  of  pressure  injection  of  any  compound.  The 
rise  in  IPSC  amplitudes  after  injection  of  active  ESUPs 
was  partially  masked  by  a  peptide-induced  reduction 
in  amplitude  and  typically  returned  to  control  values 
within  30  min.  No  further  decline  of  responses  occurred 
in  cells  injected  with  the  random-sequence  control 
peptides,  whereas  IPSCs  in  cells  injected  with  active 
ESUPs  declined  to  a  stable  level  over  the  ensuing 
120  min  and  changed  very  little  thereafter.  Similar 
results  were  obtained  with  all  three  active  peptides. 

Injection  of  BoNT/E  also  produced  inhibition  of 
evoked  IPSC  amplitudes  in  this  preparation.  However, 
the  extent  and  time-course  were  different  from  that 
produced  by  injection  of  ESUPs  (Fig.  4).  The  IPSC 
amplitude  was  inhibited  by  ca.  50%  in  30  min  and 
inhibition  was  nearly  complete  within  120  min.  A  tran¬ 
sient  increase  in  IPSC  amplitude  was  observed  within 
the  first  20  min  following  injection  of  BoNT/E,  similar 
to  that  seen  following  injection  of  ESUPs.  However, 
IPSC  amplitudes  exhibited  net  inhibition  within  30  min. 


Figure 3.  Excitation-secretion  uncoupling  peptides  (ESUPs) 
inhibit  IPSC  amplitudes  in  Aplysia  buccal  ganglion  synapses. 
Either  active  ESUPs  or  the  inactive  random-sequence 
ESUP/A20  or  ESUP/E26  analogs  were  injected  into  the  presyn¬ 
aptic  neuron  at  time  zero.  The  IPSC  amplitude  was  inhibited 
after  injection  of  active  ESUPs,  whereas  injection  of  the  inac¬ 
tive  analogs  did  not  inhibit  IPSCs.  Values  are  means  ±  SEM; 
n-  number  of  pre-  and  postsynaptic  cell  pairs. 


Figure  4.  Botulinum  neurotoxin  E  inhibits  IPSC  amplitudes  in 
Aplysia  buccal  ganglion  synapses.  Botulinum  neurotoxin  E 
was  injected  at  time  zero.  The  IPSC  amplitude  was  decreased 
by  ca.  50%  in  30  min,  and  inhibition  was  nearly  complete  in 
2  h.  Values  are  means  ±  SEM;  n~  7. 
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DISCUSSION 


In  this  investigation,  ESUP  injection  did  not  cause 
complete  inhibition  of  the  evoked  IPSC,  which  differs 
from  the  nearly  complete  inhibition  in  neuronal  cells 
caused  by  injection  of  BoNT/E  in  this  study  and 
injection  or  bath  application  of  BoNT  in  other  labora¬ 
tories  (e.g.  Poulain  etal.n).  These  results  are  consistent 
with  those  of  Gutierrez  et  al.,1*  who  found  that 
ESUP/A  and  ESUP/E26  produce  at  maximum  60-70% 
inhibition  of  Ca2+ -stimulated  catecholamine  release 
from  permeabilized  bovine  chromaffin  cells.  The 
SNAP-25  cleavage  sites  for  both  BoNT/A  (Gln197- 
Arg198)  and  BoNT/E  (Arg180-Ile181)  are  near  the  C- 
terminus.6  A  recent  study16  has  demonstrated  that  both 
C-terminal  and  N-terminal  domains  of  SNAP-25  are 
involved  in  forming  the  core  synaptic  fusion  complex 
with  synaptobrevin  II  and  syntaxin-lA.  Our  results, 
and  those  of  Gutierrez  etal .,7,8  suggest  that  ESUPs 


compete  with  intact  SNAP-25  for  binding  with  other 
fusion  proteins,  thus  inhibiting  docking  and  exocytosis 
of  synaptic  vesicles.  Production  of  cleavage  products 
of  SNAP-25  by  BoNT/A  and  BoNT/E  may  therefore 
contribute  indirectly  to  decreased  neurotransmitter 
exocytosis 9  Inhibition  of  neurotransmitter  release  by 
BoNTs  would  be  expected  to  be  more  complete  than 
that  caused  by  treatment  with  ESUPs  because  the 
toxins  would  decrease  the  supply  of  synaptic  proteins 
in  the  active  zone  of  the  neuron,  in  addition  to  generat¬ 
ing  cleavage  products.  Peptide  fragments  of  other  syn¬ 
aptic  proteins  such  as  synaptobrevin  and  syntaxin,  pro¬ 
duced  by  the  other  BoNT  serotypes,  may  similarly 
interfere  with  synaptic  vesicle  docking  and  exocytosis. 
However,  this  prediction  has  not  yet  been  verified.  It 
is  possible  that  removal  or  inactivation  of  cleavage 
products  may  provide  a  means  of  treating  BoNT  poi¬ 
soning.  These  results  provide  further  insight  into  the 
mechanisms  of  BoNT  intoxication  and  ultimately  may 
lead  to  new  approaches  to  its  treatment. 
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Summary 

Depletion  of  Ca2+  stores  in  Xenopus  oocytes  activated 
entry  of  Ca2+  across  the  plasma  membrane,  which  was 
measured  as  a  current  lSOc  in  subsequently  formed 
cell-attached  patches.  lSOc  survived  excision  into  in¬ 
side-out  configuration.  If  cell-attached  patches  were 
formed  before  store  depletion,  lSOc  was  activated  out¬ 
side  but  not  inside  the  patches.  lSOc  was  potentiated 
by  microinjection  of  Clostridium  C3  transferase,  which 
inhibits  Rho  GTPase,  whereas  lSOc  was  inhibited  by 
expression  of  wild-type  or  constitutively  active  Rho. 
Activation  of  lSOc  was  also  inhibited  by  botulinum  neu¬ 
rotoxin  A  and  dominant-negative  mutants  of  SNAP- 
25  but  was  unaffected  by  brefeldin  A.  These  results 
suggest  that  oocyte  lSoc  Is  dependent  not  on  aqueous 
diffusible  messengers  but  on  SNAP-25,  probably  via 
exocytosis  of  membrane  channels  or  regulatory  mole¬ 
cules. 

Introduction 

Ca2+  influx  across  the  plasma  membrane  can  be  acti¬ 
vated  by  depletion  of  intracellular  Ca2+  stores  in  many 
nonexcitable  cells,  and  it  is  important  in  activation  of 
lymphocytes,  exocytosis  of  mast  cells,  and  other  Ca2+- 
dependent  physiological  events  (for  recent  reviews,  Ber- 
ridge,  1 995;  Lewis  and  Cahalan,  1 995;  Favre  et  al.,  1 996; 
Parekh  and  Penner,  1 997;  Holda  et  al.,  1 998;  Putney  and 
McKay,  1 999).  The  mechanism  by  which  such  “capacita- 
tive”  Ca2+  entry  is  activated  remains  controversial.  Major 
proposals  include  direct  interaction  (“conformational 
coupling”)  between  proteins  in  organellar  and  plasma 
membranes  (Berridge,  1995),  diffusible  messengers  or 
calcium  influx  factors  (CIFs)  generated  by  store  deple¬ 
tion  (Parekh  et  al.,  1993;  Randriamampita  and  Tsien, 
1 993;  Csutora  et  al.,  1 999),  metabolites  of  phosphoinosi- 
tides,  phosphorylation  cascades,  heterotrimeric  or  small 
G  proteins  (Bird  and  Putney,  1 993;  Fasolato  et  al.,  1 993), 
and  exocytotic  insertion  of  vesicular  channels  into  the 
plasma  membrane.  Previous  arguments  for  exocytosis 
have  included  inhibition  of  capacitative  Ca2+  entry  by 
intracellular  GTP-yS  (Bird  and  Putney,  1 993;  Fasolato  et 
al.,  1993),  primaquine  (Somasundaram  et  al.,  1995),  and 
the  actin-depolymerizing  drug  cytochalasin  D  (Holda 
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and  Blatter,  1997).  Each  of  these  observations  is  contro¬ 
versial.  Petersen  and  Berridge  (1995)  and  Gregory  and 
Barritt  (1996)  showed  that  the  GTP7S  inhibition  of  Ca2+ 
influx  into  oocytes  could  be  prevented  by  staurosporine. 
They  concluded  that  the  GTP7S  effect  was  mediated 
via  stimulation  of  kinases.  The  effect  of  primaquine  has 
been  reinterpreted  as  direct  inhibition  of  the  Ca2+  influx 
channels  (Gregory  and  Barritt,  1996).  Cytochalasin  D 
has  no  effect  on  capacitative  Ca2+  entry  in  NIH3T3  cells, 
even  though  it  blocks  agonist-dependent  Ca2+  release 
(Ribeiro  et  al.,  1997).  Furthermore,  none  of  these  phar¬ 
macological  interventions  is  particularly  diagnostic  for 
exocytosis  or  takes  advantage  of  our  increased  under¬ 
standing  of  the  macromolecules  involved  in  membrane 
trafficking.  Unfortunately,  the  channels  that  mediate  ca¬ 
pacitative  Ca2+  influx  have  not  yet  been  definitively  iden¬ 
tified  at  the  molecular  level. 

This  study  began  as  a  reexamination  of  the  diffusible 
messenger  hypothesis.  Channels  gated  directly  by  dif¬ 
fusible  messengers  should  be  activatable  in  cell-attached 
configuration,  lost  in  excised  patches,  and  reactivated 
upon  cramming  those  inside-out  patches  into  the  cyto¬ 
sol  of  preactivated  cells,  as  first  shown  for  cyclic-nucleo- 
tide-gated  cation  channels  by  Kramer  (1990).  Parekh  et 
al.  (1993)  reported  analogous  behavior  for  capacitative 
Ca2+  entry  into  Xenopus  oocytes,  though  Ca2+  entry  was 
not  directly  monitored  but  only  surmised  from  currents 
of  uncertain  ionic  basis.  Recently,  we  showed  that  store- 
operated,  capacitative  Ca2+  currents  (lSOc)  into  whole 
oocytes  could  be  directly  measured  by  buffering  cyto¬ 
solic  Ca2+  to  prevent  secondary  currents,  perfusing  ex- 
tracellularly  with  isotonic  Ca2+  and  Mg2+  alternately,  and 
quantitating  the  difference  in  currents  (Yao  and  Tsien, 
1997).  We  have  now  extended  this  protocol  to  cell- 
attached  and  excised  patches,  hoping  to  solidify  the 
evidence  of  Parekh  et  al.  (1 993)  for  a  diffusible  messen¬ 
ger.  In  addition,  inside-out  patches  would  be  useful  on¬ 
line  detectors  for  the  diffusible  messenger(s)  and  would 
facilitate  chromatographic  purification  and  chemical 
identification.  To  our  surprise,  our  patch-clamp  findings 
(see  Results)  argued  against  simple  mechanisms  involv¬ 
ing  reversible  binding  of  diffusible  messengers. 

We  therefore  sought  experimental  approaches  that 
would  be  more  diagnostic  for  an  exocytotic  coupling 
mechanism  than  those  employed  previously.  We  tried 
modulation  of  the  small  G  protein  Rho,  because  Clostrid¬ 
ium  botulinum  C3  transferase,  which  specifically  inacti¬ 
vates  Rho  through  ADP  ribosylation  of  Rho  at  Asn-41 , 
was  shown  to  increase  insertion  of  the  insulin-sensitive 
glucose  transporter  GLUT4  into  the  plasma  membrane 
in  3T3-L1  adipocytes  (Van  den  Berghe  et  al.,  1996).  C3 
transferase  also  increases  membrane  capacitance  and 
extemalization  of  sodium  pumps  in  Xenopus  oocytes,  pos¬ 
sibly  by  blockade  of  constitutive  endocytosis  (Schmalzing 
eta!.,  1995). 

We  tested  botulinum  neurotoxins  (BoNTs),  a  group  of 
zinc  endoproteases  produced  by  bacteria  of  the  genus 
Clostridium,  because  they  display  specific  activity  for  a 
triad  of  protein  components  of  the  exocytic  apparatus: 
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Summary 

Depletion  of  Ca2+  stores  in  Xenopus  oocytes  activated 
entry  of  Ca2+  across  the  plasma  membrane,  which  was 
measured  as  a  current  lSOc  in  subsequently  formed 
cell-attached  patches.  lSOc  survived  excision  into  in¬ 
side-out  configuration.  If  cell-attached  patches  were 
formed  before  store  depletion,  lsoc  was  activated  out¬ 
side  but  not  inside  the  patches.  lSOc  was  potentiated 
by  microinjection  of  Clostridium  C3  transferase,  which 
inhibits  Rho  GTPase,  whereas  lSOc  was  inhibited  by 
expression  of  wild-type  or  constitutively  active  Rho. 
Activation  of  lSOc  was  also  inhibited  by  botulinum  neu¬ 
rotoxin  A  and  dominant-negative  mutants  of  SNAP- 
25  but  was  unaffected  by  brefeldin  A.  These  results 
suggest  that  oocyte  lsoc  is  dependent  not  on  aqueous 
diffusible  messengers  but  on  SNAP-25,  probably  via 
exocytosis  of  membrane  channels  or  regulatory  mole¬ 
cules. 

Introduction 

Ca2+  influx  across  the  plasma  membrane  can  be  acti¬ 
vated  by  depletion  of  intracellular  Ca2+  stores  in  many 
nonexcitable  cells,  and  it  is  important  in  activation  of 
lymphocytes,  exocytosis  of  mast  cells,  and  other  Ca2+- 
dependent  physiological  events  (for  recent  reviews,  Ber- 
ridge,  1 995;  Lewis  and  Cahalan,  1 995;  Favre  et  a!.,  1 996; 
Parekh  and  Penner,  1 997;  Holda  et  al.,  1 998;  Putney  and 
McKay,  1 999).  The  mechanism  by  which  such  “capacita¬ 
tive”  Ca2+  entry  is  activated  remains  controversial.  Major 
proposals  include  direct  interaction  (“conformational 
coupling”)  between  proteins  in  organellar  and  plasma 
membranes  (Berridge,  1995),  diffusible  messengers  or 
calcium  influx  factors  (CIFs)  generated  by  store  deple¬ 
tion  (Parekh  et  al.,  1993;  Randriamampita  and  Tsien, 
1 993;  Csutora  et  al.,  1 999),  metabolites  of  phosphoinosi- 
tides,  phosphorylation  cascades,  heterotrimeric  or  small 
G  proteins  (Bird  and  Putney,  1 993;  Fasolato  et  al.,  1 993), 
and  exocytotic  insertion  of  vesicular  channels  into  the 
plasma  membrane.  Previous  arguments  for  exocytosis 
have  included  inhibition  of  capacitative  Ca2+  entry  by 
intracellular  GTP7S  (Bird  and  Putney,  1993;  Fasolato  et 
al.,  1993),  primaquine  (Somasundaram  et  al.,  1995),  and 
the  actin-depolymerizing  drug  cytochalasin  D  (Holda 
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and  Blatter,  1997).  Each  of  these  observations  is  contro¬ 
versial.  Petersen  and  Berridge  (1995)  and  Gregory  and 
Barritt  (1996)  showed  that  the  GTP7S  inhibition  of  Ca2+ 
influx  into  oocytes  could  be  prevented  by  staurosporine. 
They  concluded  that  the  GTP7S  effect  was  mediated 
via  stimulation  of  kinases.  The  effect  of  primaquine  has 
been  reinterpreted  as  direct  inhibition  of  the  Ca2+  influx 
channels  (Gregory  and  Barritt,  1996).  Cytochalasin  D 
has  no  effect  on  capacitative  Ca2+  entry  in  NIH3T3  cells, 
even  though  it  blocks  agonist-dependent  Ca2+  release 
(Ribeiro  et  al.,  1997).  Furthermore,  none  of  these  phar¬ 
macological  interventions  is  particularly  diagnostic  for 
exocytosis  or  takes  advantage  of  our  increased  under¬ 
standing  of  the  macromolecules  involved  in  membrane 
trafficking.  Unfortunately,  the  channels  that  mediate  ca¬ 
pacitative  Ca2+  influx  have  not  yet  been  definitively  iden¬ 
tified  at  the  molecular  level. 

This  study  began  as  a  reexamination  of  the  diffusible 
messenger  hypothesis.  Channels  gated  directly  by  dif¬ 
fusible  messengers  should  be  activatable  in  cell-attached 
configuration,  lost  in  excised  patches,  and  reactivated 
upon  cramming  those  inside-out  patches  into  the  cyto¬ 
sol  of  preactivated  cells,  as  first  shown  for  cyclic-nucleo¬ 
tide-gated  cation  channels  by  Kramer  (1 990).  Parekh  et 
al.  (1993)  reported  analogous  behavior  for  capacitative 
Ca2+  entry  into  Xenopus  oocytes,  though  Ca2+  entry  was 
not  directly  monitored  but  only  surmised  from  currents 
of  uncertain  ionic  basis.  Recently,  we  showed  that  store- 
operated,  capacitative  Ca2+  currents  (lsoc)  into  whole 
oocytes  could  be  directly  measured  by  buffering  cyto¬ 
solic  Ca2+  to  prevent  secondary  currents,  perfusing  ex- 
tracellularly  with  isotonic  Ca2+  and  Mg2+  alternately,  and 
quantitating  the  difference  in  currents  (Yao  and  Tsien, 
1997).  We  have  now  extended  this  protocol  to  cell- 
attached  and  excised  patches,  hoping  to  solidify  the 
evidence  of  Parekh  et  al.  (1 993)  for  a  diffusible  messen¬ 
ger.  In  addition,  inside-out  patches  would  be  useful  on¬ 
line  detectors  for  the  diffusible  messenger(s)  and  would 
facilitate  chromatographic  purification  and  chemical 
identification.  To  our  surprise,  our  patch-clamp  findings 
(see  Results)  argued  against  simple  mechanisms  involv¬ 
ing  reversible  binding  of  diffusible  messengers. 

We  therefore  sought  experimental  approaches  that 
would  be  more  diagnostic  for  an  exocytotic  coupling 
mechanism  than  those  employed  previously.  We  tried 
modulation  of  the  small  G  protein  Rho,  because  Clostrid¬ 
ium  botulinum  C3  transferase,  which  specifically  inacti¬ 
vates  Rho  through  ADP  ribosylation  of  Rho  at  Asn-41, 
was  shown  to  increase  insertion  of  the  insulin-sensitive 
glucose  transporter  GLUT4  into  the  plasma  membrane 
in  3T3-L1  adipocytes  (Van  den  Berghe  et  al.,  1996).  C3 
transferase  also  increases  membrane  capacitance  and 
external ization  of  sodium  pumps  in  Xenopus  oocytes,  pos¬ 
sibly  by  blockade  of  constitutive  endocytosis  (Schmalzing 
eta!.,  1995). 

We  tested  botulinum  neurotoxins  (BoNTs),  a  group  of 
zinc  endoproteases  produced  by  bacteria  of  the  genus 
Clostridium,  because  they  display  specific  activity  for  a 
triad  of  protein  components  of  the  exocytic  apparatus: 
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Figure  1 .  Blockade  of  Activation  of  Store- 
Operated  Ca2 '  Influx  by  GH  Sealing  Procedure 

(A)  Ca24  release  activated  Ca2t  influx  in  oo¬ 
cyte  recorded  with  two-electrode  voltage 
clamp.  Ca21  influx  was  monitored  by  switch¬ 
ing  bath  from  Mg70  to  CalO  where  indicated 
by  heavy  bars.  Dotted  lines  in  this  and  subse¬ 
quent  panels  indicate  zero  current  levels. 
(Ba)  Ca2 '  release  failed  to  activate  Ca2 '  influx 
in  preformed  cell-attached  giant  patch.  Solu¬ 
tion  inside  patch  pipette  was  alternately 
changed  between  Mg70  and  Ca30  Ringer. 
(Bb)  A  new  cell-attached  giant-patch  re¬ 
cording  was  made  about  17  min  after  lnsP3 
injection  from  the  same  oocyte.  Note  that  the 
Ca2i  influx  was  recorded  now  in  the  patch 
formed  after  activation  of  the  capacitative 
Ca2 1  influx.  lnsP3  (2  mM  of  25  nl)  was  injected 
in  both  recordings  from  whole  oocyte  and 
patch  as  indicated  by  arrow  heads  in  (A)  and 

(B) .  Voltage  ramps  were  repetitively  applied 
during  the  patch  recording  to  monitor  the  l-V 
curve.  The  corresponding  transient  currents 
have  been  blanked  for  clarity. 

(C)  |a>Ca  was  elicited  by  uncaging  caged  lnsP3 
in  a  cell-attached  giant  patch.  Oocyte  had 
been  loaded  with  30  nl  of  1 0  mM  caged  lnsP3. 

(D)  Deactivation  of  store-operated  Ca2t  influx  in  cell-attached  giant  patches  from  lnsP3-loaded  oocytes.  Ca2  '  influx-induced  lCi.ca  was  measured 
at  Vm  =  +  50  mV  and  normalized  to  the  first  current  amplitude.  Data  from  five  patch  recordings  were  plotted  against  the  time  after  first  exposure 
to  Ca30,  among  which  three  were  made  subsequently  from  a  same  oocyte.  The  smooth  curve  was  a  single  exponential  fit  with  a  decay  time 
constant  of  around  2  min. 
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a  vesicle-associated  membrane  protein  (VAMP  or  syn- 
aptobrevin),  and  two  plasma  membrane-attached  pro¬ 
teins,  SNAP-25  and  syntaxin  (Montecucco  and  Schiavo, 

1995) .  BoNT  B,  D,  F,  and  G  recognize  and  cleave  VAMP 
specifically.  BoNT  A  and  E  cleave  SNAP-25  specifically. 
BoNT  Cl  cleaves  syntaxin.  Binding  of  VAMP  to  syntaxin 
is  facilitated  by  SNAP-25,  which  leads  finally  to  fusion  of 
vesicles  with  plasma  membrane  (Calakos  and  Scheller, 

1996) .  BoNTs  are  widely  used  to  block  regulated  exo- 
cytosis  in  secretory  cells.  Finally,  dominant-negative 
mutants  of  SNAP-25  provided  a  molecularly  indepen¬ 
dent  confirmation  of  the  BoNT  A  results.  The  combined 
results  argue  that  SNAP-25  and  presumably  mem¬ 
brane  trafficking  play  essential  roles  in  the  activation  of 
oocyte  Isoc- 

Results 

Prior  Gigaseal  Formation  Prevents  Store  Depletion 
from  Activating  Ca2+  Entry  inside  but  Not 
outside  the  Patch 

As  well-established  in  two-electrode  voltage  clamp  re¬ 
cording  (Yao  and  Tsien,  1 997),  Ca24  release  due  to  injec¬ 
tion  of  lnsP3  invariably  led  to  Ca24  influx,  which  caused 
a  Ca21  -activated  CP  current  lcl)Ca  whenever  external  Ca2+ 
was  present  (solid  horizontal  bars  in  Figure  1  A).  In  these 
cells,  we  did  not  inject  Ca2 1  chelators  to  buffer  cytosolic 
Ca24 ,  so  that  lCi,Ca  could  be  a  maximally  sensitive  monitor 
of  Ca2 1  entry.  In  contrast,  when  currents  were  recorded 
in  cell-attached  giant  patches,  injection  of  a  saturating 
dose  of  lnsP3  activated  only  a  transient  lCi,Ca  mediated 
by  Ca2+  release,  but  not  Ca24  influx  (Figure  1  Ba,  typical 
of  10  of  11  patches).  Interestingly,  Ca2+  influx  could 
be  recorded  subsequently  in  cell-attached  patches  at 
different  spots  from  the  same  oocyte  (Figure  1  Bb).  This 


indicated  that  prior  formation  of  a  gigaohm  seal  blocked 
the  coupling  mechanism  between  store  depletion  and 
Ca24  entry  within  the  pipette,  whereas  Ca2+  entry  outside 
the  pipette  activated  normally. 

In  a  separate  group  of  experiments,  TPEN  (Hofer  et 
al.,  1998)  was  used  as  an  independent  activator  to  con¬ 
firm  the  above  curious  finding.  In  two-electrode  voltage 
clamp  recordings  from  whole  oocytes,  application  of  5 
mM  TPEN  induced  Ca2+  influx-mediated  lCi.ca  of  200  to 
600  nA  in  10  mM  extracellular  Ca2+.  This  much  whole¬ 
cell  current  should  give  31-94  pA  lCi,ca  in  giant  patches 
of  30  jxm  diameter  given  the  ratio  of  giant-patch  to 
whole-cell  areas,  1/6400.  However,  there  was  no  detect¬ 
able  Ca2+  influx-mediated  lCi,Ca  in  12  of  14  cell-attached 
giant  patches  under  similar  stimuli  measured  with  pi¬ 
pettes  filled  with  10  mM  Ca24.  In  the  remaining  two 
patches,  the  lCi>Ca  mediated  by  Ca2+  influx  was  only  -3 
and  -5  pA,  approximately  one  order  of  magnitude  less 
than  predicted  from  the  ratio  of  membrane  areas.  This 
result  confirmed  that  most  cell-attached  giant  patches 
did  not  respond  to  stimuli  that  normally  activate  store- 
operated  Ca2+  influx. 

The  plasma  membrane  in  cell-attached  patches  was 
visibly  somewhat  invaginated  into  the  patch  pipette,  as 
is  common  in  patch  clamping  (Sokabe  and  Sachs,  1 990). 
To  estimate  the  diffusiona!  distance  between  the  stores 
and  plasma  membrane  patch,  oocytes  were  loaded  with 
caged  lnsP3,  and  the  latency  of  lCilCa  in  giant  patches 
after  UV  flash  was  measured  (Figure  1C).  This  latency 
resulted  mainly  from  the  delay  time  of  lnsP3-evoked  Ca2+ 
release  plus  time  for  Ca2+  to  diffuse  from  the  stores  to 
plasma  membrane  (Parker  and  Ivorra,  1993).  Hot  spots 
of  lnsP3-evoked  Ca2+  release  are  normally  located  about 
5  fxm  deep  under  the  plasma  membrane  in  oocytes  (Yao 
et  al.,  1995).  This  distance  (d)  corresponds  well  with  30 
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ms  latency  (t)  between  the  Ca2  f  fluorescence  signal  and 
lCi,ca»  a  Ca2  f  diffusion  coefficient  (D)  of  140  |im2s_1,  and 
the  equation  d2  =  6Dt  (Allbritton  et  al.,  1992;  Parker 
and  Ivorra,  1993).  The  latency  of  KCi.ca  'n  giant  patches 
after  UV  uncaging  of  lnsP3  was  210  ±  30  ms  (n  =  3). 
This  7-fold  increase  in  latency  corresponds  to  a  mean 
effective  distance  of  1 3  fxm  between  stores  and  plasma 
membrane.  The  modest  increase  in  distance  from  5  to 
13  (Jim  should  not  be  enough  to  prevent  diffusion  of  a 
small  molecule  activator. 

Maintenance  of  Store-Operated  Ca2+  Influx  in  Whole 
Cells,  Cell-Attached,  and  Excised  Patches 
When  oocytes  were  injected  with  a  saturating  dose  of 
lnsP3,  about  0.2  mM,  the  Ca2  influx  assayed  by  two- 
electrode  voltage  clamp  recording  of  lCi,ca  or  whole-cell 
recording  of  lsoc  lasted  >0.5  hr.  However,  once  a  patch 
was  formed  on  an  activated  cell,  lc,iCa  measured  from 
the  enclosed  patch  as  the  difference  of  currents  with 
30  mM  versus  0  Ca2  f  in  the  pipette  declined  with  a  time 
constant  of  about  2  min.  Figure  1  Bb  shows  one  example, 
while  Figure  1 D  shows  the  pooled  data  from  five  re¬ 
cordings.  This  decay  probably  represented  unmasking 
of  deactivation  after  gigaseat  formation  had  blocked  any 
further  activation  within  the  patch. 

The  above  experiments  were  performed  with  lc[,ca  as 
the  most  sensitive  index  of  Ca2  f  entry  to  maximize  its 
likelihood  of  detection  within  the  patch.  We  were  also 
able  to  detect  the  much  smaller  Ca2+  current  itself,  lSOc, 
in  similar  patches  if  cytosolic  Ca2  f  was  well  buffered  by 
EGTA  injection  and  store  depletion  preceded  gigaseal 
formation  (Figure  2A).  The  intrapipette  solution  was  per¬ 
fused  alternately  with  70  mM  Mg2  +  (Mg70)  and  70  mM 
Ca2 1  (Ca70),  and  the  difference  of  currents  lCa7o  -  Wo 
was  taken  as  lSOc  (Yao  and  Tsien,  1997).  In  average,  lSOc 
measured  in  cell-attached  giant  membrane  patches  was 
-22.1  ±  2.7  pA  (n  =  32)  in  oocytes  depleted  with  iono- 
mycin,  versus  -3.6  ±  0.5  pA  (n  =  13)  from  control  oo¬ 
cytes.  The  amplitude  of  lSOc  in  preactivated  patches  cor¬ 
responded  well  with  that  predicted  from  1/6400  of  the 
area  of  a  whole  oocyte.  Ramp  current  traces  a  and  b 
were  obtained,  respectively,  in  Mg70  and  Ca70  (Figure 
2Ba)  and  showed  an  l-V  relation  similar  to  that  measured 
in  whole  oocytes  with  two-electrode  voltage  clamp  (Yao 
and  Tsien,  1997). 

After  excision  of  the  patch  into  a  mock  intracellular 
Ringer  with  0  Ca2+  and  5  mM  EGTA,  lSOc  was  constant 
or  increased  with  time  (Figure  2A)  in  1 2  out  of  1 5  patches, 
unlike  the  rapid  decay  of  Ca2f  entry  in  patches  left 
attached  to  unbuffered  cells  (Figures  1  Bb  and  1 D).  In  the 
other  three  patches,  l$oc-tike  current  decayed  to  baseline 
after  a  few  minutes.  On  average,  this  inward  current  was 
sustained  for  at  least  4  min  after  patch  excision  (Figure 
2C).  In  our  longest  recording,  lasting  8  min  after  excision, 
lsoc  was  sustained  throughout.  lSoc  in  excised  patches 
was  larger  and  noisier  at  negative  membrane  potentials 
but  otherwise  had  much  the  same  l-V  relationship  (Fig¬ 
ure  2Bb)  as  before  excision.  To  verify  that  the  former 
cytosolic  face  of  the  patch  was  truly  exposed  to  the 
bath,  the  external  solution  was  briefly  switched  to  a 
buffer  with  0.2  fxM  [Ca2  ],  which  activated  lCi,ca  as  ex¬ 
pected  (Figure  2A  shaded  bar  and  l-V  relation  in  Figure 
2Bc).  In  oocytes  without  ionomycin  incubation,  the  re¬ 
sidual  currents  measured  by  the  usual  protocol  (lCa7o  - 
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Figure  2.  Survival  of  lSoo  in  Inside-Out  Giant  Patches 

(A)  Store-operated  Ca24  current  in  cell-attached  and  inside-out  giant 
patch.  Oocyte  was  treated  with  ionomycin  and  injected  with  EGTA 
before  patching.  Pipette  solution  was  alternately  perfused  with 
Mg70  (indicated  with  open  bar)  and  Ca70  (solid  bar).  Voltage  ramps 
were  applied  periodically  to  obtain  the  l-V  curves  shown  in  (B).  The 
evoked  current  transients  have  been  blanked  for  clarity. 

(B)  l-V  curves  were  obtained  respectively  in  Mg70  and  Ca70  in  cell- 
attached  patch  (measured  at  time  a  and  b  in  [A];  shown  in  [Ba]), 
and  in  inside-out  patch  (c  and  d  in  [Bb]).  lclaCa  was  activated  in  excised 
patch  by  a  transient  increase  of  bath  [Ca24]  (e). 

(C)  Average  of  normalized  lSoc-like  current  after  patch  excision.  The 
number  in  parentheses  indicates  number  of  patch  recordings  made. 


Wo)  were  small  and  not  significantly  affected  by  exci¬ 
sion,  4.7  ±  0.7  pA  (n  =  6)  before  versus  4.8  ±  1.0  pA 
(n  =  6)  after  excision. 

Thus,  seal  formation  on  the  outside  of  the  plasma 
membrane  inhibited  activation  of  new  lsoc  inside  the 
patch  but  allowed  preactivated  lSOc  to  continue;  mainte¬ 
nance  of  such  lsoc  did  not  require  presence  of  cytosolic 
substances  and  was  actually  enhanced  by  excision. 
These  results  suggest  that  activation  of  lSOc  is  rather 
localized,  sensitive  to  membrane  deformation,  and  un¬ 
likely  to  result  from  simple  diffusion  of  an  activator  mole¬ 
cule.  Furthermore,  activation  and  deactivation  seem  to 
be  separate  processes  not  linked  by  a  simple  equilib¬ 
rium,  because  different  orders  of  manipulation  can  give 
very  different  results. 
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Figure  3.  IS0C  Was  Potentiated  by  Injection  of  C3  Transferase  and 
Inhibited  by  Expression  of  Rho  A 

(A)  Isoc  was  induced  by  TPEN  5  mM  in  bath  (open  bars)  and  monitored 
by  switching  from  Mg70  to  Ba70  (solid  bars).  lSOc  evoked  by  TPEN 
was  rapidly  reversible.  Recordings  were  made,  respectively,  in  na¬ 
tive  oocyte  (Aa),  oocyte  1  hr  after  injection  of  C3  transferase  0.4  jiM 
(Ab),  and  oocyte  6  hr  after  injection  of  20  ng  Rho  A  cRNA  (Ac). 

(B)  Summary  of  effects  on  lsoc  of  microinjected  C3  transferase,  expres¬ 
sion  of  wild-type  Rho  A,  and  its  constitutively  active  mutant  63L. 

Regulation  of  Store-Operated  Ca2+  Influx  by  Rho  A 
To  examine  whether  the  store-operated  Ca2+  influx  was 
affected  by  Rho,  C3  transferase  was  microinjected  into 
oocytes.  In  recordings  illustrated  in  Figure  3A,  Ba2+  cur¬ 
rent  was  measured  to  quantitate  effects  of  C3  and  Rho. 
Injection  of  Ca2H  chelators  was  omitted  because  activa¬ 
tion  of  I ci.ca  by  Ba2 !  was  negligible.  lSOc  induced  by  5  mM 
TPEN  was  98  ±  9  nA  (n  =  9)  in  control  oocytes  and 
207  ±11  nA  (n  =  7)  in  oocytes  measured  about  1-2  hr 
after  injection  of  C3  (3  ng/oocyte,  or  120  nM  assuming 
uniform  distribution  in  1  ptl  cytosol),  an  increase  of 
2.1 -fold  (p  <  0.01).  In  complementary  experiments,  Rho 
A,  its  constitutively  active  mutant  (63L),  and  dominant¬ 
negative  mutant  (19N)  were  expressed  in  oocytes  by 
injection  of  20  ng  of  their  respective  cRNAs  about  5  hr 
before  recordings  started.  lSoc  was  42  ±  4  nA  (n  =  4)  in 
oocytes  expressed  with  wild-type  Rho  and  31  ±  6  (n  = 
6)  with  constitutively  active  mutant  (63L),  corresponding 
to  57%  (p  <  0.01)  and  68%  (p  <  0.01)  inhibition,  respec¬ 
tively  (Figure  3B).  IS0C  remained  unchanged  in  oocytes 
expressing  dominant-negative  mutant  19N  Rho  A,  sug¬ 
gesting  a  large  pool  of  endogenous  Rho  A  existed  to 
maintain  basal  activity.  Injection  of  C3  also  induced  an 
increase  of  membrane  capacitance.  Membrane  capaci¬ 
tance  increased  by  about  41  %  in  2  hr  after  injection  of  C3 
(3  ng/oocyte)  (n  =  7,  p  <  0.01).  In  contrast,  no  significant 
decrease  in  membrane  capacitance  was  found  to  ac¬ 
company  inhibition  of  lSoc  in  oocytes  expressed  with  wt 


Rho  (n  =  4)  and  63  L  Rho  (n  =  6).  Amplitude  of  lSOc 
activated  by  5  mM  TPEN  in  the  above  experiments  was 
about  half  of  the  maximum.  Maximal  lSOc  induced  by  a 
saturating  dose  of  ionomycin  (10  p>M)  was  also  en¬ 
hanced  about  46%  (n  =  9,  p  <  0.01)  by  C3  transferase. 
Oocytes  from  five  of  six  animals  showed  a  similar  extent 
of  potentiation  by  C3  transferase  but  not  in  the  remaining 
one  frog.  This  suggested  that  Rho  played  a  modulatory 
rather  than  an  indispensable  role  in  activation  of  lSOc- 

Because  one  of  the  many  effects  of  active  Rho  is 
to  promote  assembly  of  actin-myosin  filaments  (stress 
fibers),  we  examined  whether  the  potentiation  of  lSoc  by 
C3  might  simply  result  from  the  disruption  of  the  actin- 
myosin  assembly.  Oocytes  were  treated  with  cyto- 
chalasin  D  (20  fig/ml)  for  1 7  hr,  at  which  time  oocytes 
appeared  mottled  as  an  indication  of  actin  depolymer¬ 
ization  and  had  relative  low  input  resistance.  lSOc  was 
118  ±  14  nA  (n  =  7)  in  control  oocytes  and  93  ±  17  nA 
(n  =  7)  in  oocytes  treated  with  cytochalasin  D.  Thus, 
destruction  of  the  actin  cytoskeleton  by  cytochalasin  D 
slightly  reduced  lSOc,  probably  by  nonspecific  mecha¬ 
nisms  rather  than  mimicking  C3  transferase,  which 
greatly  potentiated  lSOc-  We  also  tried  5  |iM  jasplakino- 
lide,  which  solidifies  the  actin  cytoskeleton  (Shurety  et 
al.,  1 998).  lsoc  was  reduced  from  its  control  value  of  87  ± 
9.5  nA  (n  =  4)  to  64  ±  3  nA  (n  =  6)  during  drug  exposures 
of  0.5  or  2  hr,  which  were  equivalent.  This  small  reduction 
was  significant  at  the  p  =  0.026  level  and  was  in  the 
same  direction  as,  but  much  weaker  than,  the  complete 
inhibition  by  3  jxM  jasplakinolide  of  store-operated  Ca2+ 
entry  in  cultured  mammalian  cells  (Patterson  et  al.,  1 999 
[this  issue  of  Cell]). 

BoNT  A  Inhibits  Activation  of  Store-Operated 
Ca2+  Influx 

Preinjection  with  100  nM  BoNT  A  reduced  lSOc  by  about 
50%  (Figures  4Aa  and  4Ba)  without  any  effect  on  the 
inward  rectification  or  the  leak  current,  as  shown  by  the 
l-V  curves  in  Mg70  and  Ca70  (Figures  4Ab  and  4Bb). 
BoNT  A  also  reduced  Ca2+  influx-dependent  lCi,ca  in¬ 
duced  by  ionomycin,  lnsP3,  and  TPEN  in  10  mM  Ca0  by 
89%  (n  =  11,  p  <  0.01),  86%  (n  =  4,  p  <  0.01),  and  86% 
(n  =  6,  p  <  0.01),  respectively  (data  not  shown).  The 
more  dramatic  reduction  in  the  lCi,ca  compared  to  lSoc 
probably  reflects  the  nonlinear  relation  of  the  former 
with  lsoc  (Yao  and  Tsien,  1997).  No  significant  change  in 
the  resting  potential,  input  resistance,  and  membrane 
capacitance  were  found  by  BoNT  A.  Also,  BoNT  A  did 
not  alter  the  lCi,ca  transients  elicited  by  ionomycin,  lnsP3, 
or  TPEN  in  calcium-free  medium,  showing  that  the  re¬ 
lease  of  Ca2+  from  stores  and  the  properties  of  lCi,ca  were 
unaltered. 

The  kinetics  of  BoNT  A  action  are  shown  in  Figure 
4C.  The  inhibition  developed  with  an  apparent  single 
exponential  time  constant  of  1 .1  hr  and  reached  maxi¬ 
mum  about  4  hr  after  BoNT  A  administration.  lSOc  was 
141  ±  9  nA  (n  =  9)  in  control  oocytes  and  72  ±  3  nA 
(n  =  75  p  <  o.OI)  in  oocytes  about  4  hr  after  injection 
of  BoNT  A.  The  inhibition  was  long-lasting  and  still  ap¬ 
parent  after  2  days.  In  a  separate  double-blind  experi¬ 
ment,  various  doses  of  BoNT  A  were  injected  into  oo¬ 
cytes.  l$oc  was  measured  4  to  7  hr  after  injection  of  20 
nl  BoNT  A  of  different  concentrations.  The  inhibition  of 
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Figure  4.  Inhibition  of  lSOc  by  BoNT  A 
lsoc  was  activated  by  5  p,M  ionomycin  fol¬ 
lowed  by  injection  of  EGTA  to  a  final  internal 
concentration  of  about  10  mM  and  was  re¬ 
corded  by  switching  from  Mg70  to  Ca70  (solid 
bars)  in  a  control  oocyte  (Aa)  and  an  oocyte 
injected  4  hr  earlier  with  1 00  nM  BoNT  A  (Ba). 
(Ab  and  Bb)  The  l-V  relations  obtained  in  Ca70 
(a)  and  Mg70  (b).  (C)  Kinetics  of  BoNT  A  ac¬ 
tion.  lSoc  was  activated  as  above  at  different 
times  after  injection  of  BoNT  A  100  nM.  The 
smooth  curve  was  the  best  fit  to  a  single  ex¬ 
ponential  decay  with  a  time  constant  of  1.1 
hr.  Each  data  point  was  from  more  than  three 
oocytes.  (D)  Dose  dependence  of  BoNT  A  ac¬ 
tion.  Oocytes  were  injected  with  different 
concentrations  of  BoNT  A  as  indicated.  Re¬ 
cordings  were  made  4  to  7  hr  after  the  injec¬ 
tions.  Each  data  point  was  the  average  of 
more  than  four  oocytes.  Smooth  curve  was 
a  fit  to  equation  (I  -  lmin)/(lmax  ~  Lin)  =  K/(Kj  + 
[BoNT]),  with  lmax  =  80  nA,  lmin  =  38  nA,  K,  = 
8  nM. 


IS0C  was  found  to  be  dose  dependent  on  BoNT  A  with 
an  apparent  Kj  «  8  nM  (Figure  4D). 

In  contrast  to  BoNT  A,  BoNT  B,  E,  and  tetanus  toxin 
had  no  significant  effects  on  lSoc  measured  about  6-8 
hr  after  injection  to  final  concentrations  of  200  nM  each, 
lsoc  was  93  ±  4  nA  (n  =  6)  in  control  oocytes  versus 
74  ±  4  nA  (n  =  4),  78  ±  5  (n  -  5),  and  73  ±  8  (n  -  6) 
in  oocytes  injected  with  BoNT  B,  E,  and  tetanus  toxin, 
respectively.  Unfortunately,  we  cannot  yet  test  biochem¬ 
ically  whether  our  toxin  samples  could  cleave  Xenopus 
oocyte  SNAREs  because  the  latter  have  not  yet  been 
cloned,  and  the  antibodies  we  had  against  the  mammalian 
proteins  did  not  recognize  their  oocyte  counterparts. 

Blockade  of  lSOc  by  Dominant-Negative  Mutants 
of  SNAP-25 

Because  the  usual  target  of  BoNT  A  is  SNAP-25,  we 
examined  whether  lSOc  activation  could  be  similarly  in¬ 
hibited  by  dominant-negative  mutants  of  SNAP-25.  It 
was  shown  in  yeast  that  sec9-A17,  a  C-terminal  trunca¬ 
tion  of  a  SNAP-25  homolog,  was  a  dominant-negative 
mutant  (Rossi  et  al.,  1 997).  According  to  sequence  align¬ 
ment  (Weimbs  et  al.,  1998)  supported  recently  by  crys¬ 
tal  structure  data  (Sutton  et  al.,  1998),  yeast  sec9-A17 
corresponds  to  deletion  of  C-terminal  20  amino  acids  of 
mouse  SNAP-25  (A20).  BoNT  A  cleavage  of  mammalian 
SNAP-25  causes  C-terminal  truncation  of  nine  amino 
acids  (A9).  Therefore,  we  made  a  series  of  C-terminal 
truncated  SNAP-25  mutants  spanning  between  A9  and 
A20  to  examine  whether  they  would  have  any  inhibitory 
action  on  lSoc-  A  truncated  mutant  SNAP-25  A41  was 
also  made  that  corresponded  to  sec9-A38,  which  did 
not  show  dominant-negative  effects  in  yeast  (Rossi  et 
al.,  1997).  The  SNAP-25  mutants  were  expressed  in  oo¬ 
cytes  by  injection  of  their  cRNA.  lSOc  activated  by  TPEN 


was  measured  in  oocytes  about  14  hr  after  injection  of 
3  ng  cRNA  per  oocyte  of  full-length,  A9,  A20,  or  A41 , 
respectively  (Figure  5).  TPEN  5  mM  induced  about  1 00 
nA  lsoc  in  uninjected  oocytes  and  oocytes  expressing 
full-length  (Figure  5Aa)  and  A41  SNAP-25  (Figure  5Ac), 
but  no  lsoc  in  oocytes  expressing  A20  (Figure  5Ab).  lSOc 
activation  was  inhibited  by  about  half  in  oocytes  ex¬ 
pressing  A9  cRNA.  lsoc  activated  by  ionomycin  was  simi¬ 
larly  inhibited  by  the  expression  of  dominant-negative 
SNAP-25  mutants  (Figure  5B).  Oocytes  were  injected 
with  1  ng  cRNA  of  each  mutant  per  cell  and  recorded 
in  1 5  hr  after  the  injection.  IS0C  activated  by  1 0  |xM  iono¬ 
mycin  was  not  affected  by  expression  of  full-length 
SNAP-25,  but  almost  completely  abolished  by  expres¬ 
sion  of  All,  A14,  A17,  and  A20  mutants.  The  inhibitory 
kinetics  could  be  speeded  up  by  injection  of  larger 
amounts  of  cRNA  to  express  more  proteins  in  shorter 
time.  Thus,  after  injection  of  30  ng  of  SNAP-25-A20, 
inhibition  of  lSOc  activated  by  ionomycin  started  in  2  hr 
and  reached  maximum  within  4  hr  after  the  injection 
(Figure  5C).  While  lSoc  was  totally  abolished,  lCi,ca  acti¬ 
vated  by  ionomycin  in  calcium-free  medium  was  unaf¬ 
fected  in  peak  amplitude  and  more  prolonged  in  oocytes 
expressing  the  dominant-negative  mutant  of  SNAP-25, 
showing  that  inhibition  of  lSOc  was  not  due  to  any  interfer¬ 
ence  with  Ca2+  release  from  stores.  Furthermore,  lCi,Ca 
elicited  by  membrane  depolarization  (Barish,  1983)  was 
not  reduced  by  the  dominant-negative  mutants  of 
SNAP-25.  The  effect  of  SNAP-25  on  membrane  turnover 
was  assessed  by  capacitance  measurements.  A  re¬ 
duction  of  about  50%  of  total  membrane  capacitance 
was  observed  in  oocytes  injected  with  SNAP-25-A20 
(189  ±  3  nF  in  control  oocytes  versus  96  ±  11  nF  in 
SNAP-25-A20-expressed  oocytes).  This  confirmed  that 
the  dominant-negative  mutants  of  SNAP-25  were  affect¬ 
ing  plasma  membrane  turnover. 
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Figure  5.  Prevention  of  lSOc  by  C-Terminal  Truncated  Mutants  of  SNAP-25 

(A)  Activation  of  lSOc  by  TPEN  was  not  affected  in  oocytes  expressing  full-length  (f.l.)  SNAP-25  (Aa)  and  SNAP-25-A41  (Ac),  but  it  was  completely 
absent  in  oocytes  expressing  A20. 

(B)  Summary  of  inhibition  of  lsoc  by  expressing  SNAP-25  mutants.  Activation  of  lsoc  by  ionomycin  (open  columns)  was  totally  abolished  by 
expression  of  SNAP-25-A11,  A14,  A17,  and  A20  4  hr  after  injection  of  30  ng  cRNA,  respectively.  Activation  of  lsoc  by  TPEN  (filled  columns) 
was  inhibited  by  about  half  by  expressing  SNAP-25-A9  and  was  almost  totally  blocked  by  expressing  A20  in  17  hr  after  injection  of  3  ng  cRNA 
each. 

(C)  Kinetics  of  lSOc  inhibition  by  expression  of  SNAP-25-A20.  IS0C  was  activated  by  ionomycin  and  measured  at  various  times  after  the  injection 
of  30  ng  cRNA. 


Activation  of  lSoc  Is  Not  Inhibited  by  Brefeldin  A 
To  distinguish  whether  inhibition  of  lSoc  by  BoNT  A  and 
dominant-negative  mutants  of  SNAP-25  was  mediated 
by  interference  with  constitutive  versus  regulated  exo- 
cytosis,  we  compared  the  effects  of  brefeldin  A  (BFA) 
with  those  of  BoNT  A  and  SNAP-25  A20.  BFA  blocks 
constitutive  exocytosis  by  inhibiting  protein  exit  from 
Golgi  apparatus,  which  possibly  results  from  BFA  inhibi¬ 
tion  of  guanine  nucleotide  exchange  for  ARF,  a  small  G 
protein  that  is  involved  in  coatomer-mediated  vesicle 
budding  from  ER  (Peyroche  et  al.,  1 999).  Wild-type  amil- 
oride-sensitive  epithelial  sodium  current  (ENaC)  ex¬ 
pressed  in  Xenopus  oocytes  is  inhibited  by  5  fxM  BFA 
with  a  time  constant  of  3.6  hr  due  to  blockade  of  consti¬ 
tutive  insertion  of  ENaC  channels  while  clathrin-medi- 
ated  endocytosis  remains  active  (Shimkets  et  al.,  1997). 
We  confirmed  such  downregulation  of  ENaC  in  oocytes 
by  BFA  as  a  positive  control  for  BFA  efficacy.  lENaC  was 
reduced  by  about  86%  (p  <  10  10)  by  incubation  of 
oocytes  with  BFA  5  jjlM  for  7  hr.  IS0C,  however,  remained 
unchanged  after  incubation  of  oocytes  in  5  |xM  BFA  for 
7  to  20  hr  in  the  same  batch  of  oocytes  (Figure  6).  In 
complete  contrast  to  BFA,  BoNT  A  inhibited  lsoc  (p  < 
1  0  28)  but  not  lENaC.  A  dominant-negative  SNAP-25  mu¬ 
tant  slightly  inhibited  lENaC  (p  =  0.014),  but  to  a  much 
lesser  extent  than  did  BFA  (Figure  6).  In  addition  to 
the  exogenous  NaH  channels,  the  endogenous  voltage- 
operated  Ca21  channels  and  Ca2  ‘  -activated  Cl  chan¬ 
nels  were  not  reduced  by  BoNT  A  and  SNAP-25-A20 


but  were  inhibited  by  BFA,  though  the  BFA  block  was 
statistically  significant  only  at  the  p  =  0.06  level  (Figure 
6).  These  results  indicated  that  blockade  by  BFA  of  con¬ 
stitutive  traffic  to  the  plasma  membrane  for  up  to  24 
hr  did  not  reduce  the  cells’  ability  to  activate  lSoc.  and 
inhibition  of  lSoc  by  BoNT  A  and  SNAP-25  mutants  did 
not  result  from  disruption  of  constitutive  trafficking. 

Discussion 

Activation  of  the  Store-Operated  Ca2+  Current 
Is  a  Local  Process  that  Can  Show  Hysteresis 
Our  patch-clamp  experiments  showed  that  store-oper¬ 
ated  Ca2+  entry  was  highly  localizable,  required  store 
depletion  to  precede  patch  isolation,  and  yet  survived 
patch  excision.  Thus,  depletion  of  Ca2+  stores  could 
activate  Ca2+  influx  outside  but  not  inside  a  preformed 
gigaseal  onto  a  30  fim  diameter  patch  pipette  (Figures 
1 A  and  IB).  Therefore,  the  ability  of  store  depletion  to 
trigger  Ca2 '  current  within  the  patch  was  disrupted  by 
some  aspect  of  seal  formation,  such  as  the  visible  invag¬ 
ination  of  the  plasma  membrane  into  the  lumen  of  the 
pipette.  Meanwhile,  the  lnsP3-induced  increase  in  cyto¬ 
solic  [Ca2+]  was  still  able  to  activate  lCi.ca  within  the  cell- 
attached  patch  with  slightly  greater  latency  than  normal 
(Figure  1C).  This  finding  showed  that  Ca2  t  was  still  able 
to  diffuse  from  the  internal  stores  to  the  plasma  mem¬ 
brane  inside  the  gigaseal,  though  the  mean  diffusion 
distance  had  apparently  been  increased  from  the  normal 
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Figure  6.  Comparison  of  Effects  on  lSOci  Unsc*  and  Depolarization- 
Activated  lCi,ca  by  BoNT  A,  SNAP-25-A20,  and  BFA 
All  current  values  measured  were  normalized  to  mean  values  of 
control  groups  of  the  same  donor.  The  normalized  currents  from 
separate  donors  were  averaged  for  statistical  analysis.  Groups  sig¬ 
nificantly  different  (p  <  0.01)  from  control  are  marked  with  an  aster¬ 
isk.  Number  of  oocytes  measured  in  each  group  is  indicated  on  the 
column.  Isoc  was  activated  by  ionomycin  and  measured  in  Ba70. 
|ENaC  was  measured  in  calcium-free  Ringer  at  holding  Vm  =  -30  mV 
as  the  difference  in  currents  before  and  after  1  p.M  amiloride.  Peak 
values  of  depolarization-activated  lCi,ca  were  measured  by  stepping 
Vm  to  +40  mV  in  Cal  0.  It  represents  endogenous  voltage-gated  Ca24 
channel  activity  evoking  lCiiCa  (Barish,  1983).  BoNT  A  was  injected 
into  oocytes  to  a  100-200  nM  final  concentration,  waiting  for  4  to 
7  hr  before  recording.  SNAP-25-A20  cRNA  {30  ng)  was  injected  into 
oocytes  to  allow  protein  expression  for  4-6  hr.  Incubations  with  5 
ixM  BFA  lasted  5-20  hr  before  recording. 


5  i+m  to  13  |xm.  Once  Ca24  influx  was  activated  in  the 
absence  of  or  outside  a  gigaseal,  it  was  readily  detect- 
able  in  a  new  cell-attached  patch,  showing  that  patch 
formation  only  obstructed  initial  activation  rather  than 
maintenance  of  the  influx.  Furthermore,  lSoc  survived 
without  diminution  for  minutes  after  excision  of  the 
patch  into  the  inside-out  configuration  (Figure  2).  Al¬ 
though  one  of  us  helped  launch  the  idea  of  a  diffusible 
CIF  (Randriamampita  and  Tsien,  1993),  we  must  admit 
that  these  findings  argue  against  mediation  by  a  CIF 
freely  diffusible  through  the  cytosol,  because  such  a 
factor  should  have  easily  reached  the  plasma  membrane 
inside  the  gigaseal  but  should  have  washed  out  immedi¬ 
ately  after  excision  of  the  patch.  In  a  “conformational 
coupling”  hypothesis,  one  would  need  to  postulate  that 
the  protein-protein  contact  between  the  stores  and 
plasma  membrane  would  be  easily  disrupted  or  pre¬ 
vented  before  store  depletion,  but  it  would  become  ro¬ 
bust  enough  after  lsoc  activation  to  survive  invagination 
and  excision  of  the  patch.  In  an  exocytosis  model,  one 
would  assume  that  exocytosis  is  locally  prevented  by 
bulging  of  the  plasma  membrane  into  the  gigaseal.  In¬ 
deed,  exocytosis  in  mast  cells  is  reported  to  be  revers¬ 
ibly  blocked  by  inflating  the  plasma  membrane  (Solsona 
et  al.,  1998).  Whatever  the  model,  the  gigaseal  results 
show  that  activation  of  Ca24  influx  can  vary  over  dis¬ 
tances  of  only  a  few  microns,  even  more  spatially  con¬ 
fined  than  those  of  Petersen  and  Berridge  (1996)  or 
Jaconi  et  al.  (1 997),  where  localization  was  reported  over 
distances  of  hundreds  of  microns. 

These  results  would  seem  to  conflict  with  a  previous 


report  (Figure  2,  Parekh  et  al.,  1 993)  in  which  a  depletion- 
activated  current  in  cell-attached  patches  was  immedi¬ 
ately  quenched  by  excision  from  the  oocyte  and  could 
be  reactivated  by  cramming  back  into  a  stimulated  cell. 
This  current  had  a  linear  l-V  curve  with  a  reversal  poten¬ 
tial  of  -30  mV,  was  recorded  in  the  presence  of  niflumic 
acid  to  block  lCUCa,  and  had  amplitudes  of  1 0-20  pA  with 
pipettes  of  ordinary  micron  diameters.  lSoc  was  charac¬ 
terized  in  recent  two-electrode  voltage  clamp  recording 
studies  (Hartzell,  1996;  Yao  and  Tsien,  1997),  in  which 
Ca24  chelators  instead  of  niflumic  acid  were  used  to 
abolish  lCi.ca  because  niflumic  acid  was  found  to  inhibit 
lsoc.  As  expected  for  a  highly  Ca2 ^selective  current, 
lsoc  has  an  inwardly  rectifying  l-V  curve  with  a  reversal 
potential  >+40  mV.  Giant-patch  recording  (Hilgemann, 
1995)  with  30  i+m  diameter  pipettes  and  intrapipette 
perfusion  was  required  to  increase  detection  sensitivity 
and  to  record  M0  pA  of  lSOc  directly  as  the  difference 
in  currents  between  70  and  0  mM  extracellular  Ca24. 
Therefore,  the  current  that  was  quenched  by  excision 
and  restored  by  cramming  in  the  experiment  of  Parekh 
et  al.  (1993)  was  dominated  by  components  other  than 
Ca24  influx. 

Mechanisms  of  Rho  A  Action  on  lSOc 
Up-  and  downregulation  of  RhoA,  by  expression  of  ex¬ 
cess  Rho  A  or  injection  of  Clostridium  C3  transferase, 
respectively,  decreased  and  increased  the  amplitude  of 
|soc  (Figure  3).  Rho  A  is  known  to  regulate  many  cell 
events,  including  cytoskeletal  rearrangement  and  mem¬ 
brane  trafficking  (Van  Aelst  and  D’Souza-Schorey,  1 997 ; 
Hall,  1998).  Because  RhoA  may  affect  both  constitutive 
and  regulated  membrane  trafficking,  our  results  with  C3 
and  RhoA  provide  only  general  evidence  for  the  impor¬ 
tance  of  trafficking  in  modulating  capacitative  Ca24 
entry. 

Mechanisms  of  Action  of  Botulinum  Neurotoxin  A 
and  SNAP-25 

In  this  study,  lSoc  was  found  to  be  inhibited  by  about 
50%  by  BoNT  A  (Figures  4  and  6).  This  inhibition  was 
relatively  specific  as  endogenous  lCi,ca>  voltage-gated 
Ca24  current,  and  transfected  epithelial  Na4  channels 
were  not  reduced.  The  time  course  and  potency  of  the 
inhibitory  action  on  lsoc  by  BoNT  A  were  similar  to  that 
described  in  blockade  of  neurotransmission  of  Aplysia 
synapses  (Rossetto  et  al.,  1994).  Recently  BoNTs  have 
also  been  shown  to  block  insulin-stimulated  transloca¬ 
tion  of  GLUT4  in  adipocytes  (Cheatham  et  al.,  1996). 
The  maximum  inhibition  of  insulin-stimulated  glucose 
uptake  was  43%-51  %  (Tamori  et  al.,  1996;  Chen  et  al., 
1997),  quite  similar  to  the  maximal  reduction  of  lSOc  in 
our  experiments.  Likewise  BoNT  A  causes  only  a  partial 
block  and  slowing  of  catecholamine  release  from  chro¬ 
maffin  cells  (Xu  et  al.,  1998). 

The  complete  inhibition  of  lSOc  by  dominant-negative 
mutants  of  SNAP-25  and  the  biphasic  length  depen¬ 
dence  of  the  effective  truncations  strongly  complement 
the  evidence  from  BoNT  A  for  a  crucial  role  for  a  SNAP- 
25  homolog  in  oocytes.  The  length  dependence  fits  well 
with  multiple  studies  showing  the  critical  importance  of 
the  region  corresponding  to  9  to  26  residues  from  the 
C  terminus  of  mammalian  SNAP-25  for  exocytosis  and 
its  triggering  by  calcium  sensors  (Gutierrez  et  al.,  1995; 
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Rossi  et  a!.,  1997;  Ferrer-Montiel  et  al.,  1998;  Huang  et 
al.,  1998;  Xu  et  al.,  1998).  The  partial  inhibition  by  the 
A9  truncation  fits  well  with  the  similarly  partial  inhibition 
by  BoNT  A,  which  should  cut  SNAP-25  at  the  corre¬ 
sponding  location.  The  inhibition  of  lSOc  is  not  explain¬ 
able  by  general  interference  with  constitutive  insertion  of 
channels  into  the  plasma  membrane,  because  currents 
through  Ca21  -activated  Cl  channels,  voltage-gated 
Ca2 '  channels,  or  transfected  epithelial  Na+  currents 
remained  undiminished  (Figure  6).  Conversely,  constitu¬ 
tive  insertion,  for  example  of  epithelial  Na+  channels, 
can  be  inhibited  by  brefeldin  A  without  any  effect  on  lsoc 
(Figure  6).  Therefore,  SNAP-25  and,  presumably,  regu¬ 
lated  exocytosis  are  important  in  the  process  for  activat¬ 
ing  lsoc-  We  did  not  see  any  change  in  the  l-V  relation 
of  lSoc  after  partial  inhibition  by  BoNT  A,  so  we  could  find 
no  evidence  that  SNAP-25  modifies  the  conductance 
properties  of  the  Ca2 1  entry  channels  in  the  way  that 
syntaxin  modulates  the  gating  of  voltage-activated  Ca2+ 
channels  (Bezprozvanny  et  al.,  1995).  Instead,  loss  of 
functional  SNAP-25  simply  reduces  the  amplitude  of  the 
residual  lsoc. 

Conclusions  regarding  the  Mechanism  of  Coupling 
Ca2 1  entry  into  oocytes  can  be  activated  by  microinjec¬ 
tion  of  extracts  from  lymphocytes  or  yeast  in  which 
Ca2+  stores  have  been  pharmacologically  or  genetically 
depleted  (Csutora  et  al.,  1999).  However,  those  authors 
acknowledged  that  oocytes  themselves  produce  rela¬ 
tively  low  levels  of  calcium  influx  factor,  and  that  the 
evoked  influx  had  different  properties  from  endoge¬ 
nously  stimulated  capacitative  Ca2  i  entry,  especially  in 
lanthanide  sensitivity.  Our  present  results  come  entirely 
from  oocytes  and  do  not  rule  out  the  potential  impor¬ 
tance  of  diffusible  factors  in  other  cell  types.  A  confor¬ 
mational  coupling  hypothesis  could  be  compatible  with 
our  data  if  one  assumes  that  the  link  between  the  stores 
and  the  plasma  membrane  is  mechanically  weak  before 
store  depletion  and  strong  afterward,  and  that  SNAP- 
25  or  a  homolog  is  important  for  the  linkage.  Our  results 
are  somewhat  more  naturally  accommodated  within  a 
model  in  which  the  channels  themselves  or  membrane- 
bound  activator  molecules  are  exocytotically  incorpo¬ 
rated  into  the  plasma  membrane  upon  store  depletion. 
We  would  argue  that  inhibitions  by  BoNT  A  and  domi¬ 
nant-negative  SNAP-25  are  far  more  likely  to  be  pharma¬ 
cologically  specific  for  SNAP-25  and  exocytosis  than 
the  previous  controversial  effects  of  GTP7S,  prima¬ 
quine,  and  cytoskeletal  inhibitors.  Furthermore,  new  ex¬ 
periments  with  cytoskeletal  modulation  have  provided 
fresh  evidence  for  secretion-like  coupling  (Patterson  et 
al.,  1999).  The  major  arguments  against  exocytosis  are 
the  lack  of  measurable  increases  in  membrane  capaci¬ 
tance  before  or  during  store-operated  Ca2+  entry  in  oo¬ 
cytes  (<1  %  change;  preliminary  data  of  Y.  Y.)  and  other 
cell  types  (e.g.,  Fomina  and  Nowycky,  1999),  and  the 
lack  of  effect  of  BoNT  B  and  E  and  tetanus  toxin.  How¬ 
ever,  the  negligible  capacitance  increases  could  reflect 
the  minuscule  amount  of  membrane  required  to  accom¬ 
modate  the  channels  or  activators,  swamped  by  the 
huge  amount  of  concurrent  exo-  and  endocytosis,  suffi¬ 
cient  to  replace  the  entire  oocyte  plasma  membrane 
once  every  day  If  all  components  mixed  freely  (Zampighi 


etal.,  1999).  The  lack  of  inhibition  by  certain  toxins  might 
be  due  to  imperfect  homology  of  the  relevant  oocyte 
components  to  the  better-studied  mammalian  SNAREs; 
we  had  no  positive  control  that  our  toxin  samples  had 
any  effect  in  oocytes.  Nevertheless,  the  involvement  of 
proteins  extensively  studied  in  exocytosis  opens  up 
many  possible  testable  hypotheses  and  experiments  for 
the  future. 


Experimental  Procedures 

Cell  Preparation  and  Electrophysiology 

Oocytes  were  cultured  in  Barth’s  medium  supplemented  with  5% 
horse  serum  to  increase  viability  of  the  cells  (Quick  et  al.,  1992). 
Recordings  were  taken  at  least  2  hr  after  removal  of  the  serum. 
Oocytes  used  to  assess  drug  action  were  obtained  from  the  same 
frog  to  reduce  variability  in  lSOc.  Extracellular  solution  compositions 
and  recording  of  whole-oocyte  membrane  currents  with  a  conven¬ 
tional  two-electrode  voltage  clamp  were  as  described  by  Yao  and 
Tsien  (1997).  Membrane  potential  was  held  at  -60  mV  unless  other¬ 
wise  specified.  Capacitance  of  whole-oocyte  plasma  membrane 
was  determined  by  Cm  =  /  ic  dt/AV,  where  Cm  is  membrane  capaci¬ 
tance,  ic  capacitance  current  transient,  AV  membrane  voltage  step. 
Cm  was  averaged  from  A V  of  5,  10,  and  15  mV,  respectively. 

Giant-patch  glass  pipettes  (#7052,  O.  D./l.  D.  1.65/1.1,  WPI,  FL  or 
borosilicate  glass,  O.  D./l.  D.  1.5/0.86  Warner  Instrument  Corp., 
Hamden,  CT)  were  pulled  to  have  tip  openings  of  around  40  fxm 
with  a  horizontal  electrode  puller  (P-80/PC,  Sutter  Instrument  Co., 
Novato,  CA).  The  pipette  tips  were  then  heat-polished  to  give  final 
openings  of  about  30  jjum,  which  should  encompass  about  1/6400 
of  the  total  surface  of  an  oocyte  of  1 .2  mm  diameter.  Thus,  an  oocyte 
with  a  total  lSoc  of  1 00  nA  should  give  about  1 6  pA  through  the  patch 
assuming  the  channels  are  evenly  distributed.  Patch  recordings 
made  from  various  sites  on  the  animal  hemisphere  showed  no  signif¬ 
icant  variation  in  current  amplitudes.  In  some  experiments  (e.g., 
Figure  1),  lCiiCa  was  measured  as  a  more  sensitive  monitor  of  Ca2+ 
influx,  because  its  amplitude  is  about  an  order  of  magnitude  larger 
than  lsoc  (Yao  and  Tsien,  1997).  For  intrapipette  perfusion,  quartz 
capillaries  (O.  D./l.  D.  150/75  (Jim,  Polymicro  Technologies  Inc., 
Phoenix,  AZ)  were  pulled  and  the  tips  cut  to  about  15  to  20 
diameter.  Two  capillaries  were  bundled  with  glue  and  inserted  to 
within  100-200  (j.m  of  the  patch  pipette  tip  under  a  stereo  micro¬ 
scope.  Perfusates  were  passed  through  a  2  ^m  filter.  Perfusates  in 
quartz  capillaries  were  held  by  suction  (typically  -10  mm  Hg)  to 
prevent  leakage  and  were  ejected  by  a  positive  pressure  (typically 
150  mm  Hg).  Turnover  of  intrapipette  solutions  at  the  membrane 
was  typically  within  a  few  seconds.  Oocyte  vitelline  membranes 
were  removed  in  a  hyperosmotic  solution  that  contained  (mM):  KCI 
200,  MgCI2  2,  KCI  1,  and  HEPES  5,  titrated  to  pH  7.2  with  NaOH, 
supplemented  with  EGTA  5  mM  for  measuring  lSoc  or  40  jxM  for 
measuring  lCi,ca-  Current  was  recorded  with  an  Axopatch  200B  ampli¬ 
fier  (Axon  Instruments,  Inc.,  Foster  City,  CA),  whose  range  of  the 
fast  capacitance  compensation  was  expanded  to  20  pF  by  the  man¬ 
ufacturer.  Membrane  seal  resistance  were  larger  than  1  GH.  Bath 
solution  for  excised  patch  recordings  was  a  mock  intracellular 
Ringer  (IR),  containing  (mM):  95  KCI,  1  NaCI,  5  MgCI2,  5  HEPES, 
titrated  to  pH  7.2  with  NaOH,  plus  EGTA  5  mM  and  40  p,M,  respec¬ 
tively,  for  recording  lSoc  and  lCi>Ca.  Membrane  potentials  of  the  oocytes 
were  measured  to  be  -8.8  ±  0.5  mV  (n  =  4)  in  IR.  The  pipette 
potential  was  held  at  50  mV  after  a  GO  seal  was  formed.  A  voltage 
ramp  command  from  50  to  -130  mV  with  a  duration  of  0.5  s  was 
repetitively  applied  at  30  s  intervals  to  allow  rapid  collection  of  l-V 
relations  of  the  current.  This  resulted  in  a  final  membrane  potential 
ramp  from  -109  to  71  mV  after  summing  pipette  holding  potential, 
oocyte  membrane  potential,  and  the  ramp  command. 

All  recordings  were  performed  at  room  temperature  (22°C  ±  2°C). 
Data  points  are  expressed  as  mean  ±  SE.  Statistical  significance 
of  drug  actions  was  evaluated  with  two-tailed  Student’s  t  test  using 
Origin  software  (Microcal,  Northampton,  MA). 
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Use  of  TPEN  to  Activate  Store-Operated  Ca2+  Influx 
in  Xenopus  Oocytes 

The  usual  means  for  dumping  Ca2+  stores  and  activating  lsoc,  such 
as  ionomycin  administration  or  metabolic  production  or  microinjec¬ 
tion  of  lnsP3,  were  poorly  reversible.  A  rapidly  reversible  agent  not 
requiring  microinjection  would  be  very  helpful.  A  membrane-perme¬ 
ant  chelator  of  divalent  cations,  TPEN,  was  shown  recently  to  induce 
store-operated  Ca24  influx  in  mammalian  cells  (Hofer  et  al.,  1998). 
TPEN  has  a  low  affinity  for  Ca2+  (KD  -  40  |iM;  Arslan  et  al.,  1985) 
suitable  for  buffering  the  relatively  high  free  Ca24  concentrations  in 
the  lumen  of  Ca24-accumulating  organelles  while  exerting  little  effect 
on  cytosolic  free  Ca24  (Hofer  et  al.,  1998).  The  total  Ca2+  inside 
the  stores  is  conserved  during  application  of  TPEN  because  the 
TPEN-Ca2+  complex  is  impermeant  (Arslan  et  al.,  1985).  When  free 
extracellular  TPEN  is  removed,  the  intraluminal  TPEN-Ca24  dissoci¬ 
ates  and  rapidly  restores  intraluminal  free  Ca2 '  so  that  deactivation 
of  influx  can  be  studied. 

TPEN  had  not  been  previously  tested  in  Xenopus  oocytes  but 
proved  very  useful  in  activating  lsoc  because  of  the  above  advan¬ 
tages.  TPEN  was  dispersed  in  nominally  Ca2+-free  media  and  ap¬ 
plied  extracellularly  to  load  the  oocytes  before  restoration  of  normal 
Ca2+  to  measure  the  influx.  The  minimum  TPEN  concentrations  re¬ 
quired  to  activate  the  Ca2+  influx  varied  from  0.1  to  1  mM  in  different 
batches  of  oocytes.  Ca2+  influx  reversed  quickly  after  washout  of 
TPEN  from  bath  and  could  be  reactivated  repeatedly.  Maximal  Ca2" 
influx  was  activated  by  preincubation  of  oocyte  with  TPEN  for  1 
min.  Longer  incubations  with  TPEN  slowed  the  deactivation  time 
course  of  the  Ca2+  influx.  An  additional  inward  nonspecific  current 
was  present  during  the  TPEN  loading,  which  was  not  inhibited  by 
injection  of  EGTA.  To  test  whether  the  action  of  TPEN  was  additive 
to  that  of  ionomycin,  Ca2t  influx  was  first  induced  by  TPEN  and 
then  ionomycin  to  obtain  their  individual  activities  in  the  same  oo¬ 
cyte.  Ca2+  influx  induced  by  ionomycin  was  long-lasting.  Application 
of  TPEN  after  ionomycin  did  not  induce  additional  Ca2+  influx  (data 
not  shown).  Such  occlusion  indicates  that  Ca2+  influx  induced  by 
TPEN  is  through  the  store-operated  Ca2+  influx  pathway. 

One  concern  with  TPEN  is  its  very  high  binding  affinity  for  Zn2+ 
(Kd  =  2.63  x  10“16  M)  (Arslan  et  al.,  1985).  Also,  even  5  mM  TPEN 
only  activated  lsoc  to  about  half  the  maximal  amplitude  obtainable 
with  other  means  for  depleting  stores.  A  new  membrane-permeable 
Ca24  chelator  that  has  a  higher  affinity  to  Ca2+  and  lower  affinity  to 
Zn2+  than  TPEN  would  be  yet  better.  Fortunately,  inhibition  of  BoNTs 
by  TPEN’s  chelation  of  Zn2i  is  irrelevant  because  TPEN  is  only 
applied  well  after  BoNT  injection. 

Materials 

Botulinum  toxin  A,  B,  and  E  were  kindly  supplied  by  Dr.  B.  R.  Das- 
Gupta  (University  of  Wisconsin,  Madison).  They  were  dissolved  at 
1  mg/ml  in  buffer  containing  (mM):  150  NaCI,  10  HEPES,  titrated  to 
pH  7.0,  maintained  at  -80°C.  BoNTs  were  reduced  with  10  or  20 
mM  DTT  at  room  temperature  for  1  hr  before  injection.  Activity  of 
BoNT  A  was  assessed  by  in  vitro  cleavage  assay  of  SNAP-25  (Ferrer- 
Montiel  et  al.,  1 996).  Cytochalasin  D  was  from  Sigma.  C3  transferase, 
amiloride,  and  brefeldin  A  were  from  Calbiochem  Novabiochem  (La 
Jolla,  CA).  One  side  effect  of  C3  transferase  was  a  spontaneous 
current,  dependent  on  extracellular  Ca24,  which  usually  developed 
about  1  hr  or  longer  after  the  injection  of  C3.  Intracellular  injection 
of  EGTA  or  exposure  to  TPEN  suppressed  the  current,  so  it  did  not 
interfere  with  measurement  of  lSOc*  The  origin  of  this  curious  current 
remained  to  be  further  characterized. 

Expression  Vector  Construction  and  In  Vitro  Transcription 
cDNAs  of  wild-type  Rho  A,  its  constitutively  active  mutant  63L,  and 
dominant-negative  mutant  19N  in  plasmid  pCMV5  were  kind  gifts 
of  Dr.  G.  Bokoch  (Scripps  Research  Institute,  San  Diego,  CA).  Rho 
and  its  mutant  cDNA  inserts  were  released  from  pCMV5  with  Hindlll 
digestion  and  subcloned  into  pSGEM  at  the  Hindlll  site.  Vector 
pSGEM  was  obtained  from  Dr.  Philipp  and  Dr.  Flockerzi  (Universitat 
des  Saarlandes,  Homburg/Saar,  Germany),  which  derived  from  a 
popular  oocyte  expression  vector  pGEMHE  that  contained  Xenopus 
p-hemoglobin  untranslated  regions  flanking  the  multiple  cloning  site 
(Liman  et  al.,  1 992).  The  orientation  of  the  cDNA  inserts  was  checked 
by  gel  electrophoresis  after  EcoRV  digestion. 


C-terminal  truncated  mutants  of  mouse  SNAP-25  were  created 
by  PCR  using  a  forward  primer  paired  with  various  reverse  primers 
that  introduced  a  stop  codon  to  terminate  translation  at  different 
C-terminal  sites  of  SNAP-25.  The  forward  primer  in  PCR  reaction 
had  the  sequence  5  -CGGGATCCGCCACCATGGCCGAGGACGCA 
GACATG,  which  contained  a  Bam  HI  site  and  a  Kozak  sequence  at 
the  5'  end  of  SNAP-25.  The  reverse  primers  for  CA9,  CA11,  CA14, 
CA17,  CA20,  and  CA41  were,  respectively,  5'-CGGAATTCTTATTGG 
TTGGCTTCATCAAT,  5'-CGGAATTCTTAGGCTTCATCAATTCTGGT, 
5  -CGGAATTCTTAAATTCTGGTTTTGTTGGA,  5-CGGAATTCTTATT 
TGTTGGAGTCAGCCTT,  5'-CGGAATTCTTAGTCAGCCTTCTCCAT 
GAT,  and  5'-CGGAATTCTTATAGGGCCATATGACGGAG.  All  reverse 
primers  incorporated  an  EcoRI  site  and  a  stop  codon  at  the  3'-end 
of  SNAP-25.  Following  PCR  amplification,  the  PCR  products  were 
gel-separated  and  digested  with  BamHI  and  EcoRI.  The  resulting 
PCR  frgments  were  subcloned  into  the  vector  pSGEM  between  the 
5'  UTR  and  the  3'UTR  of  Xenopus  p-globin.  All  C-terminal  truncation 
mutants  of  SNAP-25  were  verified  by  DNA  sequencing. 

cDNAs  of  three  subunits  of  epithelial  sodium  channel,  a,  p,  7,  in 
plasmids  pSPORT  (a  and  7)  and  pSD5  ((3),  were  kind  gifts  of  Dr.  C. 
Canessa  (Yale  University).  pSPORT-a  and  7  were  linearized  by  Notl 
and  RNA  synthesized  by  T7  polymerase,  whereas  Bglll  and  SP6 
polymerase  were  used  for  pSD5-p.  A  mixture  of  the  three  cRNAs 
(0.1  or  1  ng  each)  was  injected  into  each  oocyte,  and  lENaC  was 
measured  1-3  days  later. 

Capped  cRNAs  were  synthesized  using  mMESSAGE  mMACHINE 
kits  from  Ambion  (Austin,  TX).  Synthetic  cRNAs  were  resuspended 
in  water.  Aliquots  of  2  |xl  each  were  stored  at  -80°C  until  injection. 
Typically,  20  nl  RNA  solution  was  injected  into  each  oocyte.  Concen¬ 
trations  of  RNA  were  adjusted  to  reach  the  final  desired  mass. 
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Abstract  SNARE  proteins  appear  to  be  involved  in  homotypic 
and  heterotypic  membrane  fusion  events  (Sollner  et  al.  (1993) 
Nature  362,  318-324],  The  crystal  structure  of  the  synaptic 
SNARE  complex  exhibits  a  parallel  four-helical  bundle  fold  with 
two  helices  contributed  by  SNAP-25,  a  target  SNARE  (t- 
SNARE),  and  the  other  two  by  a  different  t-SNARE,  syntaxin, 
and  a  donor  vesicle  SNARE  (v-SNARE),  synaptobrevin.  The 
carboxy-terminal  boundary  of  the  complex,  predicted  to  occur  at 
the  closest  proximity  between  the  apposed  membranes,  displays  a 
high  density  of  positively  charged  residues.  This  feature 
combined  with  the  enrichment  of  negatively  charged  phospho¬ 
lipids  in  the  cytosolic  exposed  leaflet  of  the  membrane  bilayer 
suggest  that  electrostatic  attraction  between  oppositely  charged 
interfaces  may  be  sufficient  to  induce  dynamic  and  discrete 
micellar  discontinuities  of  the  apposed  membranes  with  the 
transient  breakdown  at  the  junction  and  subsequent  reformation. 
Thus,  the  positively  charged  end  of  the  SNARE  complex  in 
concert  with  Ca2+  may  be  sufficient  to  generate  a  transient 
‘fusion  pore’. 

©  1999  Federation  of  European  Biochemical  Societies. 
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1.  Introduction 

Neurons  communicate  with  each  other  by  means  of  neuro¬ 
transmitters.  Membrane  fusion  is  essential  for  synaptic  trans¬ 
mission,  a  process  by  which  neurotransmitters  arc  released 
from  excited  nerve  terminals  [1].  Recently,  the  crystal  struc¬ 
ture  of  a  SNARE  complex,  a  key  entity  involved  in  the  spe¬ 
cific  recognition  and  ultimately  fusion  of  synaptic  vesicles  with 
the  neuronal  plasma  membrane,  was  described  [2].  The  com¬ 
plex  is  formed  by  the  specific  interaction  between  segments  of 
three  proteins:  synaptobrevin-II,  a  vesicle  associated  protein, 
and  syntaxin- 1 A  and  SNAP-25B,  two  distinct  proteins  an¬ 
chored  to  the  plasma  membrane.  The  clostridial  botulinum 
and  tetanus  ncurotoxins  proteolytically  cleave  these  three  pro¬ 
teins  consequently  preventing  vesicle  fusion  and  thereby  ab¬ 
rogating  transmitter  release  [3].  The  SNARE  complex  folds 
into  a  parallel  four-helical  bundle  with  a  left  handed  super¬ 
helical  twist  [2,4]:  two  helices  are  contributed  by  a  molecule  of 
the  t-SNARE  SNAP-25,  the  other  two  by  synaptobrevin  and 
syntaxin.  Such  a  structure  may  bring  into  juxtaposition  the 
surfaces  of  the  apposed  vesicle  and  plasma  membrane  bilayers 
to  facilitate  fusion.  How  this  may  happen  is  not  known,  how¬ 
ever,  Ca2+  is  required  and  other  proteins  may  catalyze  and 
confer  additional  specificity  to  the  process  [5,6],  Here,  we 
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focus  on  highlighting  a  number  of  features  of  this  fascinating 
structure  that  may  provide  clues  to  understand  how  it  medi¬ 
ates  bilayer  fusion. 

2.  Electrostatic  attractions  between  oppositely  charged 
interfaces  and  fusion 

A  key  finding  emerged  from  electrostatic  calculations  that 
showed  a  conspicuous  enrichment  of  positively  charged  resi¬ 
dues  at  the  carboxy-terminal  end  of  the  complex  [2].  This 
boundary  is  assigned  to  be  at  the  membrane-anchored  end 
of  the  complex,  and  therefore,  at  the  minimum  distance  be¬ 
tween  the  apposed  membranes.  It  is  known  that  negatively 
charged  lipids  are  preferentially  distributed  in  the  inner  leaflet 
of  the  bilayer  plasma  membrane  [7].  It  is  also  well  recognized 
that  Ca2+  and  highly  basic  polypeptides  interact  with  nega¬ 
tively  charged  lipids  to  induce  a  lamellar  to  hexagonal  phase 
transition  with  the  consequent  generation  of  local  micelliza- 
tion  foci  and,  if  propagated,  the  breakdown  of  the  bilayer 
structure  [7-10].  And  it  is  well  established  that  acidic  lipids 
are  required  for  the  insertion  into  and  translocation  across 
bilayers  of  a  number  of  channel-forming  proteins,  conspicu¬ 
ous  among  them  diphtheria  [11]  and  tetanus  [12]  toxins,  col- 
icin  [13]  and  Bcl-2  family  proteins  [14].  It  appears  therefore, 
that  electrostatic  interaction  energy  between  oppositely 
charged  interfaces  might  drive  discrete  micellizations  of  the 
apposed  membranes  with  the  transient  breakdown  of  the  hy¬ 
drophobic  membrane  barrier  and  the  consequent  release  of 
the  transmitter.  Thus,  the  positively  charged  end  of  the 
SNARE  complex  in  concert  with  Ca2+  may  be  sufficient  to 
generate  a  transient  ‘fusion  pore’.  This  hypothesis  could  be 
tested  using  purified  SNARE  proteins  reconstituted  into  sep¬ 
arate  bilayer  vesicles  of  defined  phospholipid  composition 
[15].  This  model  system  has  demonstrated  that  SNARE  pro¬ 
teins  are  necessary  and  sufficient  for  fusion  in  the  absence  of 
other  protein  components,  albeit  at  a  low  rate  and  efficiency 
[15]. 

3.  Acidic  phospholipids  and  Ca2+  ions  as  mediators  of  fusion 

Another  striking  feature  of  the  SNARE  complex  is  the 
occurrence  of  four  shallow  grooves  at  the  surface  of  the  hel¬ 
ical  bundle  [2].  Such  grooves,  particularly  those  present  at  the 
basic  charged  end  of  the  complex,  may  provide  specific  bind¬ 
ing  pockets  for  acidic  lipids.  There  is  structural  evidence  for 
such  lipid  binding  pockets:  the  crystal  structure  of  a  type  lip 
phosphatidylinositol  phosphate  kinase  reveals  an  extensive  flat 
basic  surface  well  suited  for  the  interfacial  binding  of  phos- 
phoinositides  and  catalysis  [16].  The  crystal  structure  of  the 
annexin  XII  hexamer  displays  a  prominent  concave  disc  with 
numerous  surface  exposed  Ca2+  ions  on  the  perimeter  [17]. 
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Presumably,  these  Ca2H  ions  mediate  annexin  binding  to 
phosphatidylscrinc,  its  insertion  into  membranes  and  lead  to 
channel  formation  and  membrane  fusion  [18]. 

Specific  protein-lipid  interactions  are  considered  key  events 
in  viral  fusion  mechanisms  and  the  analogy  to  the  SNARE 
coil-coiled  complex  has  been  drawn  [15],  The  recent  identifi¬ 
cation  of  a  mitochondrial  v-SNARE  [19]  combined  with  the 
abundance  of  acidic  lipids  in  mitochondrial  membranes  [7] 
raise  the  intriguing  possibility  that  SNAREs  could  be  at  the 
fusion  interface  between  mitochondria  and  other  organelles, 
as  it  appears  to  be  between  yeast  vacuoles  [20,21].  It  would  be 
interesting  to  examine  in  molecular  detail  if  the  electrostatic 
attraction  between  oppositely  charged  interfaces  is  sufficient 
to  induce  dynamic  and  discrete  micellar  discontinuities  of  the 
apposed  membranes  with  the  transient  breakdown  at  the  junc¬ 
tion  and  subsequent  reformation.  Attention  to  Ca2+  as  a  me¬ 
diator  of  protein-lipid  interactions  at  membrane  fusion  inter¬ 
faces  is  worth  revisiting  in  view  of  the  new  structural 
information. 
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The  assembly  of  target  (t-SNARE)  and  vesicle-associ¬ 
ated  SNAP  receptor  (v-SNARE)  proteins  is  a  critical  step 
for  the  docking  of  synaptic  vesicles  to  the  plasma  mem¬ 
brane.  Syntaxin- 1  A,  SNAP-25,  and  synaptobrevin-2  (also 
known  as  vesicle-associated  membrane  protein,  or 
VAMP-2)  bind  to  each  other  with  high  affinity,  and  their 
binding  regions  are  predicted  to  form  a  trimeric  coiled- 
coil.  Here,  we  have  designed  three  peptides,  which  cor¬ 
respond  to  sequences  located  in  the  syntaxin-lA  H3  do¬ 
main,  the  C-terminal  domain  of  SNAP-25,  and  a 
conserved  central  domain  of  synaptobrevin-2,  that  ex¬ 
hibit  a  high  propensity  to  form  a  minimal  trimeric 
coiled-coil.  The  peptides  were  synthesized  by  solid 
phase  methods,  and  their  interactions  were  studied  by 
CD  spectroscopy.  In  aqueous  solution,  the  peptides  were 
unstructured  and  showed  no  interactions  with  each 
other.  In  contrast,  upon  the  addition  of  moderate 
amounts  of  trifluoro ethanol  (30%),  the  peptides  adopted 
an  a-helical  structure  and  displayed  both  homomeric 
and  heteromeric  interactions.  The  interactions  ob¬ 
served  in  ternary  mixtures  induce  a  stabilization  of  pep¬ 
tide  structure  that  is  greater  than  that  predicted  from 
individual  binary  interactions,  suggesting  the  forma¬ 
tion  of  a  higher  order  structure  compatible  with  the 
assembly  of  a  trimeric  coiled-coil. 


The  assembly  of  the  synaptic  core  complex  is  essential  for 
Ca2+-dependent  neuroexocytosis.  This  early  event  in  the  secre¬ 
tory  cascade  is  then  followed  by  the  priming  and  vesicle  fusion 
steps  (1-6).  According  to  the  SNARE1  model,  docking  of  syn¬ 
aptic  vesicles  to  the  plasma  membrane  is  a  critical  step  that 
involves  the  formation  of  a  ternary  complex  by  the  v-SNARE 
synaptobrevin  (also  known  as  vesicle-associated  membrane 
protein,  or  VAMP),  and  two  t-SNAREs:  SNAP-25  and  syntaxin 
(7-9).  Reconstitution  of  the  v-SNARE  synaptobrevin  into  lipid 
vesicles  and  the  two  t-SNAREs,  SNAP-25  and  syntaxin,  into  a 
distinct  vesicle  pool  has  provided  evidence  that  the  formation  of 
a  ternary  complex  is  sufficient  to  join  the  independent  vesicle 
pools  and  lead  to  fusion  of  the  apposed  bilayer  membranes  (10). 
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Understanding  the  interactions  between  the  proteins  of  the 
trimeric  complex  in  a  simplified  model  may  outline  new  ways  to 
control  its  assembly  and  dissociation  or  to  modulate  the  con¬ 
formational  changes  that  are  presumably  necessary  for  the 
progression  from  the  docking  step  to  the  subsequent  phases  in 
the  secretory  process.  The  structural  domains  that  appear  to  be 
implicated  in  the  protein-protein  interactions  between  SNAP- 
25,  synaptobrevin,  and  syntaxin  show  a  high  propensity  for  the 
formation  of  a-helices  (11-15).  Secondary  structure  analysis 
shows  that  the  periodic  distribution  of  hydrophobic  amino  acids 
is  consistent  with  a  coiled-coil  organization  (2,  11,  12,  14,  15). 
Fluorescence  energy  transfer  experiments  (12)  and  electron 
microscopy  (15)  further  indicate  that  synaptobrevin  and  syn¬ 
taxin  are  aligned  in  parallel  in  the  context  of  a  ternary 
coiled-coil. 

To  investigate  the  postulated  coiled-coil  interactions  be¬ 
tween  the  proteins  that  constitute  the  docking  complex  in  a 
minimal  model,  we  have  applied  the  principles  involved  in  the 
formation  of  stable  coiled-coils  (16)  to  design  three  peptides 
corresponding  to  predicted  coiled-coil-forming  domains  in 
SNAP-25,  synaptobrevin-2,  and  syntaxin-lA.  We  have  used  CD 
spectroscopy  to  determine  the  secondary  structure  of  these 
peptides  and  their  interactions  in  binary  and  tertiary  mixtures. 
Our  findings  are  consistent  with  the  assembly  of  the  predicted 
ternary  complex. 

EXPERIMENTAL  PROCEDURES 

Reagents — HPLC  grade  trifluoro  acetic  acid,  trifluoroethanol  (TFE), 
ethanedithiol,  thioanisol,  phenol,  and  acetonitrile  were  purchased  from 
Aldrich.  Methyl  ter£-butyl  ether  was  from  Fisher.  HPLC  columns  were 
from  Vydac  (Hesperia,  CA).  L-Amino  acids  and  protected  derivatives 
used  for  peptide  synthesis  were  made  by  Calbiochem.  Benzoic  anhy¬ 
dride  was  obtained  from  Sigma.  All  other  reagents  for  peptide  synthesis 
and  resins  were  from  Applied  Bio  systems  (Foster  City,  CA). 

Peptide  Synthesis  and  Purification — Peptides  SN  (human  brain 
SNAP-25-(181-206)),  SB  (human  brain  synaptobrevin-2-(40-67)),  ST 
(human  brain  syntaxin- lA-(  19 1-2 18)),  and  SNrd  (scrambled  SN  pep¬ 
tide  sequence:  ESDNDTRAIKITQAGSMKRMGLNAKE)  were  produced 
using  solid  phase  peptide  synthesis.  Synthesis  started  with  a  p-hy- 
droxymethyl  phenoxy  methyl  polysterene  resin  and  was  carried  out 
using  the  Fastmoc®  Fmoc  strategy  on  an  Applied  Biosystems  peptide 
synthesizer  model  43 1A  (Foster  City,  CA)  according  to  a  single  coupling 
plus  capping  protocol.  Cleavage  from  the  resin  and  removal  of  all 
protecting  groups  was  accomplished  by  using  trifluoroacetic  acid  cleav¬ 
age  as  described  (17).  Crude  peptides  were  precipitated  from  the  tri¬ 
fluoroacetic  acid  mixture  in  cold  methyl  £erf-butyl  ether  and  centri¬ 
fuged,  the  supernatant  was  discarded,  and  the  remaining  methyl  tert- 
butyl  ether  was  removed  under  high  vacuum  at  0  °C  for  3  h.  Samples  of 
crude  peptide  (10-20  mg)  were  dissolved  in  0.1%  trifluoroacetic  acid, 
applied  to  a  semipreparatory  column  (Vydac,  C-18),  and  eluted  at  a  flow 
rate  of  3  ml/min  with  a  linear  gradient  of  90%  acetonitrile  in  0.1% 
trifluoroacetic  acid.  Eluted  peaks  were  monitored  by  absorbance  meas¬ 
urements  at  214  nm,  pooled,  and  lyophilized.  Peptide  purity  was  as¬ 
sessed  by  RP-HPLC  in  an  analytical  column  (Vydac,  C-18). 

Secondary  and  Tertiary  Structure  Predictions — Propensities  of  pep¬ 
tides  to  adopt  a  coiled-coil  structure  were  estimated  using  two  different 
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programs:  Coils  and  Paircoil.  The  Coils  program  uses  the  Lupas  algo¬ 
rithm  (18,  19).  Sequences  were  compared  with  an  unweighted  MTIDK 
matrix  (18)  using  14-  and  28-residue  scanning  windows.  The  second 
program  uses  the  Berger  algorithm  (20),  which  is  more  stringent.  Both 
methods  are  based  on  the  relative  frequency  of  occurrence  of  amino 
acids  at  each  position  ( a-g )  of  the  coiled-coil  heptad  repeat.  Secondary 
structure  predictions  were  performed  using  the  SOPMA  method  (21,  22) 
and  the  AGADIR  program  (23). 

CD  Measurements — CD  measurements  were  carried  out  on  a  modi¬ 
fied  Cary  61  (24)  or  an  AVIV  model  202  spectropolari meter.  The  original 
Pockel  cell  and  Cary  linear  polarizer  in  the  Cary  61  were  replaced  with 
a  50-kHz  photoelastic  modulator  (Hinds  International,  FS-5/PEM-80) 
and  a  MgF2  linear  polarizer  (AVIV  Inc.).  The  phase-detected  output  of 
the  original  end-on  photomultiplier  and  preamplifier  were  integrated 
using  an  Egg  Princeton  Applied  Research  model  12 8 A  lock-in  amplifier. 
System  automation  and  multiple  scan  averaging  were  accomplished 
with  an  IBM  PC-compatible  computer  interfaced  directly  to  both  the 
Cary  61  and  the  128A  amplifier.  Constant  N2  flushing  was  employed. 
Spectra  were  measured  at  195—250  nm  using  a  0.05-cm  cell,  a  1-nm 
bandwidth,  a  0.3-ms  time  constant,  and  a  cell  temperature  of  25  °C.  All 
recordings  were  performed  in  10  mM  sodium  phosphate  buffer,  pH  7.4, 
100  mM  NaCl,  with  or  without  TFE,  unless  otherwise  indicated.  Twenty 
scans  were  averaged  for  every  spectrum.  Base  line  subtraction,  conver¬ 
sion  of  measured  rotations  to  mean  residue  ellipticity  [0] 
(deg-cmMmol"1)  (25),  and  filtering  of  the  spectra  using  a  fast  fourier 
transform  filter  were  performed  using  the  Microcal  Origin  3.5  program. 
The  percentage  of  a-helical  content  was  estimated  directly  from  the 
molar  residue  ellipticity  at  222  nm  as  described  by  Chen  et  aL  (26). 
Percentages  of  secondary  structures  were  also  estimated  using  the 
neural  network-based  K2  algorithm  (27).  To  evaluate  the  spectral 
changes  induced  by  peptide-peptide  interactions  in  mixtures,  the  non¬ 
interacting  spectra  were  calculated  from  the  individual  spectra  using 
the  equation, 

Mtheo  ^KcrnrlemiCi-nd  (Eq.  1) 

where  denotes  the  molar  peptide  concentrations,  nL  represents  the 
peptide  lengths  in  number  of  residues,  and  [01;  values  are  observed 
mean  residue  ellipticities. 

RESULTS  AND  DISCUSSION 
Peptide  Design 

Basic  Criteria  for  the  Design  of  the  Minimal  Predicted  Coiled- 
coil-forming  Peptides — The  sequences  of  the  peptides  synthe¬ 
sized  from  selected  regions  from  human  SNAP-25  (peptide  SN), 
synaptobrevin-2  (peptide  SB),  and  syntaxin-lA  (peptide  ST) 
are  shown  in  Fig.  LA.  Sequence  selection  was  based  on  six 
criteria:  1)  information  about  the  minimal  domains  of  SNAP- 
25,  synaptobrevin,  and  syntaxin  involved  in  protein-protein 
interactions  in  the  core  complex  (1-5,  28);  2)  botulinum  neuro¬ 
toxins  (BoNTs)  cleavage  sites  and  their  effects  on  neurotrans¬ 
mitter  release  (29-37);  3)  sequence  specificity  of  peptides  in¬ 
hibitors  of  neurotransmitter  release  (38-44);  4)  effects  of  point 
mutations  on  the  process  of  secretion  and  endocytosis  (4,  11, 
44-47);  5)  predictions  of  secondary  structure  formation  of 
coiled-coil  structures;  and  6)  a  minimum  length  for  a  stable 
parallel  coil  peptide  of  —28  residues,  or  4  heptad  repeats  (48, 
49). 

Design  of  the  SN  Peptide — The  region  of  SNAP-25  interact¬ 
ing  with  synaptobrevin-2  has  been  localized  between  residue  41 
and  the  C-terminal  residue  (2,  4).  The  segment  from  residue 
181  to  the  C  terminus  is  necessary  for  the  SNAP-25-synapto- 
brevin  interaction  (3).  Peptides  corresponding  to  the  20  and  26 
C-terminal  residues,  the  latter  analogous  to  the  SNAP-25  seg¬ 
ment  released  after  cleavage  by  BoNT  E,  inhibit  neurotrans¬ 
mitter  release  with  IC50  values  of  10  and  0.25  pu,  presumably 
by  preventing  the  docking  of  synaptic  vesicles  (40,  43). 

The  C-terminal  region  of  SNAP-25  delimited  by  residues  169 
and  206  displays  a  high  propensity  (99%)  to  form  coiled-coil 
structures.  Two  distinct  domains  are  predicted:  one  from  posi¬ 
tion  166  to  187  (62%),  and  the  second  from  position  189  to  the 
C  terminus  (55%).  Accordingly,  the  26-residue  peptide  corre¬ 


sponding  to  the  C-terminal  segment  of  SNAP-25,  hereafter 
designated  as  SN,  was  selected  based  on  the  fact  that  it  is 
nearly  4  heptads  long,  it  exhibits  high  propensity  to  form 
coiled-coils,  and  it  is  an  efficient  inhibitor  of  neurotransmitter 
release  (Fig.  LA,  Peptide  SN). 

Design  of  the  ST  Peptide— Similar  considerations  were  used 
in  the  design  of  a  potentially  coiled-coil-forming  peptide  from 
syntaxin-lA.  The  region  between  positions  194  and  261  is  nec¬ 
essary  for  the  interaction  with  synaptobrevin-2  and  SNAP-25 
(2,  3,  5).  The  segment  necessary  for  interaction  with  SNAP-25 
has  been  located  between  residues  199  and  267  (1)  and  further 
delimited  to  residues  199-220  (4).  All  of  these  studies  confine 
the  SNAP-25  binding  region  on  syntaxin  to  the  N-terminal 
portion  of  the  H3  domain  (residues  191-266)  (2,  4),  and  a 
putative  minimal  SNAP-25  binding  domain  (residues  189-220) 
has  been  identified  (11,  44).  Coiled-coil  predictions  using  the 
sequence  of  human  syntaxin  revealed  a  region  between  posi¬ 
tions  199  and  214  with  high  probability  (78%)  of  coiled-coil 
formation. 

Syntaxin-lA  mutants  containing  point  mutations  (4,  11,  44) 
at  the  a  and  d  repeats  of  a  predicted  coiled-coil  show  reduced 
SNAP-25  binding,  supporting  the  involvement  of  this  region  in 
the  interaction  with  SNAP-25  (Fig.  IB).  Peptides  correspond¬ 
ing  to  the  predicted  coiled-coil-forming  region  of  syntaxin- 1 A 
have  also  been  shown  to  inhibit  neurotransmitter  release  (11, 
42,  44).  Given  these  considerations,  the  selected  4-heptad  syn¬ 
thetic  peptide  corresponding  to  human  syntaxin  spanned  from 
residue  191  to  218  (Fig.  LA,  Peptide  ST). 

Design  of  the  SB  Peptide— The  region  of  synaptobrevin-2 
between  positions  27  and  96  interacts  with  both  SNAP-25  and 
syntaxin-lA  in  the  core  complex  (3,  28).  Synaptobrevin-2  con¬ 
tains  a  conserved  domain  between  residues  57  and  88,  with 
high  propensity  (95%)  to  form  coiled-coils,  and  two  distinct 
subdomains  (28-42  and  52-72).  Deletion  of  the  region  span¬ 
ning  from  residue  41  to  50  abolishes  endocytosis  (45),  and 
mutants  lacking  the  segments  41-50  or  51-60  do  not  to  bind  to 
SNAP-25  and  syntaxin-lA.  The  mutants  with  deletion  of  seg¬ 
ment  31-38  show  weak  binding  to  t-SNAREs,  whereas  the 
deletion  of  segments  61-70  or  71-80  results  in  poor  binding  to 
syntaxin  while  maintaining  the  interactions  with  SNAP-25 
(47).  Moreover,  a  single  mutation  (M46A)  inhibits  endocytosis 
by  80%  and  reduces  binding  to  syntaxin-lA  and  SNAP-25  (45, 
46).  Taken  together,  this  information  suggests  that  the  region 
delimited  by  positions  40  and  60  is  involved  in  the  ternary 
interactions  that  result  in  the  assembly  of  the  docking  complex; 
therefore,  the  peptide  synthesized  encompassed  4  heptads  from 
position  40  (Fig.  LA,  Peptide  ST). 

Design  of  the  SNRD  Control  Peptide — A  control  peptide  cor¬ 
responding  to  the  scrambled  sequence  of  the  selected  SNAP-25 
peptide  was  also  synthesized.  Randomized  sequences  were  gen¬ 
erated,  their  secondary  structures  were  predicted  using  the 
SOPMA  method,  and  the  sequences  with  an  a-helical  content 
similar  to  the  original  sequence  were  run  against  the  Prosite 
data  base.  A  peptide  with  the  same  functional  sites  but  without 
the  heptad  periodicity  was  synthesized  (sequence  shown  under 
“Experimental  Procedures”),  and  it  was  shown  to  be  pharma¬ 
cologically  inactive.  The  SNRD  peptide,  at  variance  to  SN,  did 
not  affect  Ca2+-dependent  release  in  chromaffin  cells. 

Secondary  structure  predictions  using  the  SOPMA  method 
(21,  22)  indicate  that  all  three  peptides  may  form  stable  a-hel- 
ices  in  the  context  of  a  whole  protein  structure.  Predicted 
helicities  for  SN,  SB,  and  ST  peptides  were  62,  96,  and  86%, 
respectively,  when  considered  integrated  in  the  protein,  in 
contrast  to  42,  57,  and  67%  as  isolated  peptides.  The  behavior 
of  the  isolated  peptides  in  an  aqueous  environment  was  pre¬ 
dicted  by  using  the  AGADIR  algorithm  (23).  This  program  uses 
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Fig.  1.  Model  of  a  minimal  trimeric 
coiled-coil  using  selected  sequences 
from  SNAP-25,  synaptobrevin-2,  and 
syntaxin-A.  A,  schematic  representation 
of  the  relative  location  of  SNAP-25,  syn¬ 
aptobrevin-2,  and  syntaxin-A  in  the  syn¬ 
aptic  terminal  ( black  boxes).  The  white 
boxes  represent  the  segments  correspond¬ 
ing  to  the  synthetic  peptides  SN,  SB,  and 
ST,  respectively.  The  relative  size  of  the 
proteins  and  synthetic  peptides  are  not  to 
scale.  The  amino  acid  sequences  of  the 
SN,  SB,  and  ST  peptides  are  given  in  the 
box.  B,  triple  helical  coiled-coil  model  of 
the  segments  of  SNAP-25,  synaptobre¬ 
vin-2,  and  syntaxin-A  represented  by  the 
synthetic  peptides  SN,  SB,  and  ST,  re¬ 
spectively.  The  sequences  have  a  heptad 
pattern  of  residues  (designated  as  a-g ), 
where  a  and  d  are  usually  hydrophobic 
and  e  and  g  are  frequently  charged.  Solid 
arrows  denote  hydrophobic  interactions 
in  the  core  of  the  complex,  whereas  broken 
arrows  refer  to  potential  ionic  interac¬ 
tions,  as  described  in  detail  in  C.  Muta¬ 
tions  known  to  disrupt  the  interactions 
between  proteins  (*)  are  located  in  the 
hydrophobic  core.  Mutations  known  not  to 
interfere  in  the  assembly  of  the  complex 
(#)  are  all  located  outside  the  hydrophobic 
core.  Most  of  the  charged  residues  are 
located  in  the  outer  shell  of  the  complex 
(positions  b,  c,  and  /).  Hollow  arrows  in  A 
and  B  show  the  relative  location  of  Botu¬ 
linum  neurotoxin  cleavage  sites,  which 
are  all  accessible  on  the  surface  of  the 
complex.  C,  potential  interactions  be¬ 
tween  charged  residues  of  peptides  SN, 
SB,  and  ST.  Charged  residues  in  positions 
e  and  g  or  at  i  +  3-  or  i  +  4-positions  can 
form  intramolecular  ( squares )  or  intermo- 
lecular  0 circles )  salt  bridges  that  contrib¬ 
ute  to  the  overall  stability  of  the  trimeric 
complex. 
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statistical  mechanics  to  consider  short  range  interactions  be¬ 
tween  residues  at  different  pH  and  temperature.  Given  the  size 
of  our  peptides,  they  are  predicted  to  be  unstructured  (4%  for 
SN,  3%  for  SB,  and  2%  for  ST  peptide,  respectively)  under 
aqueous  conditions.  Thus,  considering  both  sets  of  data,  we 
infer  that  these  peptides  can  adopt  a-helical  structures  only  in 
the  context  of  the  intact  protein  and,  therefore,  that  the  pres¬ 
ence  of  helicity-inducing  conditions  may  be  necessary  to  mimic 
the  secondary  structure  of  the  peptides  in  the  cytosol.  TFE,  a 
hydrophilic  and  hydrogen-bonding  solvent,  has  been  widely 
used  to  stabilize  marginally  stable  a-helical  structures  in  po¬ 
tentially  a-helical  peptides  (48,  50-53).  TFE  is  not  limited  to 
promoting  helix  formation,  since  it  has  also  been  shown  to 
stabilize  /3-tums  and  even  /3-strands  (54,  55).  Notwithstanding, 
TFE-induced  a-helical  conformation  in  fragments  of  proteins 
known  to  be  /3-sheet  in  the  native  context  has  been  documented 
(56-63).  Therefore,  caution  must  be  exercised  in  inferring 


structure  from  CD  data  of  peptides  in  the  presence  of  TFE, 
particularly  with  regard  to  the  extent  that  it  represents  the 
native  structure  in  the  context  of  the  intact  protein  from  which 
the  peptide  sequences  were  selected. 

Trimeric  Coiled-coil  Model 

Theoretical  Considerations — A  model  of  one  of  the  trimeric 
conformers  of  the  selected  peptides  forming  a  coiled-coil  struc¬ 
ture  is  shown  in  Fig.  IB.  Given  the  helical  wheel  representa¬ 
tion,  residues  at  the  a-  and  ^-positions  stabilize  the  structure 
by  hydrophobic  interchain  interactions.  According  to  this 
model,  the  synaptobrevin-2  residue  Met45,  which  upon  muta¬ 
tion  inhibits  endocytosis,  would  be  located  in  the  hydrophobic 
core,  where  such  a  change  would  be  predictably  disruptive.  The 
mutations  in  syntaxin  that  reduce  its  binding  to  SNAP-25 
would  also  be  located  in  positions  a  and  d  (residues  denoted 
with  an  asterisk  in  Fig.  IB).  Interestingly,  the  cleavage  sites  for 
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Fig.  2.  CD  spectra  of  the  synthetic 
peptides  at  different  TFE  concentra¬ 
tions.  A,  SN  peptide;  B,  SB  peptide;  C,  ST 
peptide.  Spectra  were  recorded  in  10  mM 
sodium  phosphate,  pH  7.4,  100  mM  NaCl, 
in  the  presence  of  increasing  concentra¬ 
tions  of  TFE.  Peptide  concentration  was 
30  /xM.  TFE  concentrations  used  were  10, 
20,  30  (*),  40,  50,  65,  and  75%. 


Wavelength  (nm) 


five  of  the  seven  BoNT  serotypes  (BoNT  A,  B,  D,  E,  and  F)  are 
found  in  the  model  peptides,  and  all  are  in  surface  locations 
potentially  accessible  to  the  BoNT  proteases. 

Interchain  interactions  of  e-  and  g- positions  mediated  by 
charged  residues  also  contribute  to  the  stability  of  a  coiled-coil 
(64).  There  are  12  charged  residues  in  positions  e  and  g;  ac¬ 
cordingly,  inter-  or  intrahelical  ionic  interactions  could  syner- 
gistically  contribute  to  the  stability  of  the  coil  (Fig.  1C).  Polar 
residues  implanted  in  the  hydrophobic  core  are  potentially 
disruptive,  although  strategic  placement  can  facilitate  correct 
oligomerization  arrangements  (65).  In  the  model,  the  core  con¬ 
tains  only  two  charged  residues:  Arg198  (peptide  ST)  could 
establish  an  intramolecular  salt  bridge  with  either  Glu194  or 
Glu201  (Fig.  IB),  and  Arg56  (peptide  SB)  would  be  at  a  suitable 
distance  to  interact  with  the  glutamate  residues  in  position  g  of 
the  ST  peptide  and  form  an  intermolecular  linkage  (Fig.  IB). 

In  the  outer  layer  (positions  6,  c,  and  /),  14  negatively  and  3 
positively  charged  residues  would  be  exposed.  This  arrange¬ 
ment  of  negative  charges  mostly  in  the  surface  is  consistent 
with  observations  by  Regazzi  et  al.  (47)  that  substitutions  of 
negatively  charged  residues  of  synaptobrevin-2  do  not  alter 
function  (66)  (Fig.  IB). 

Circular  Dichroism  Results — In  aqueous  media,  all  peptides 
(alone  or  in  mixtures)  were  unstructured,  and  neither  increas¬ 
ing  peptide  concentration  nor  changing  pH,  ionic  strength,  or 
divalent  cation  concentration  increased  the  a-helical  content. 
Typical  single-stranded  polypeptides  generally  do  not  form  sta¬ 
ble  a-helices  in  aqueous  solution  and  require  the  additional 
stabilization  of  less  polar  solvents  (67,  68);  therefore,  we  re¬ 
sorted  to  the  use  of  the  helix-promoting  solvent  TFE. 

In  the  presence  of  increasing  concentrations  of  TFE  (Fig.  2, 
A-C),  there  was  a  significant  increase  in  the  a-helical  content. 
The  minimal  concentration  at  which  the  peptides  underwent  a 
transition  from  mostly  unstructured  to  partially  structured 
was  approximately  30%.  At  that  concentration,  the  a-helical 
contents  of  the  SNAP-25,  synaptobrevin,  and  syntaxin  peptides 
were  31,  44,  and  32%,  respectively.  At  the  maximum  concen¬ 
tration  of  TFE  used  (75%),  the  a-helical  contents  of  the  pep¬ 
tides  were  59,  87,  and  85%,  respectively.  TFE  increases  the 
a-helical  content,  while  it  disrupts  tertiary  and  quaternary 
structures  stabilized  by  hydrophobic  interactions  (69);  there¬ 
fore,  it  was  imperative  to  use  a  concentration  of  TFE  low 
enough  to  marginally  stabilize  the  secondary  structure  of  mo¬ 
nomeric  peptides  while  still  allowing  the  expression  of  tertiary 
interactions.  Notwithstanding  the  disrupting  effects  of  TFE  on 


the  tertiary  structure  of  oligomeric  complexes,  peptide-peptide 
interactions  producing  stable  oligomers  have  been  documented 
at  concentrations  of  TFE  as  high  as  50%  (70).  Interestingly,  the 
TFE  concentration  used  in  our  experiments  (30%)  has  been 
reported  to  yield  for  numerous  peptides  secondary  structures 
that  compare  favorably  with  those  of  the  native  systems 
(71-73). 

Equimolar  ternary  mixtures  SN/SB/ST  in  aqueous  solution 
showed  no  interaction  between  the  non-a-helical  peptides  (not 
shown).  In  the  presence  of  TFE,  the  spectrum  of  the  SN/SB/ST 
mixture  (Fig.  3 Ey  solid  line)  was  significantly  different  from  a 
noninteracting  spectrum  (Fig.  BE,  dashed  line)  calculated  from 
the  three  individual  CD  spectra  (Fig.  3A).  The  expected  a-he- 
licity  from  the  calculated  spectrum  was  35%,  whereas  the  a-he- 
licity  from  the  experimental  spectrum  was  46%;  i.e.  a  31%  net 
increase  over  the  predicted  value.  The  ratios  between  the  in¬ 
tensities  of  the  bands  at  222  and  208  nm  were  0.76  for  the 
calculated  and  0.80  for  the  experimental  spectrum,  respec¬ 
tively.  This  larger  €)222/02O8  ratio  is  consistent  with  an  increase 
in  coiling. 

The  31%  net  increase  in  helicity  observed  in  the  experimen¬ 
tal  ternary  mixture  spectrum  with  respect  to  the  prediction 
could  arise  from  the  occurrence  of  distinct  binary  complexes  in 
the  mixture.  Equimolar  binary  mixtures  SN/SB,  SN/ST,  and 
SB/ST  in  aqueous  solution  showed  no  interaction  between  the 
peptides  (not  shown).  In  the  presence  of  30%  TFE,  the  SN  and 
SB  peptides  did  not  interact  in  binary  mixtures  (Fig.  3 B).  The 
helicity  of  the  experimental  spectrum  was  identical  to  that 
predicted  by  the  noninteracting  calculated  spectrum  (36%).  In 
contrast,  spectra  from  binary  mixtures  SB/ST  (Fig.  3C)  and 
SN/ST  (Fig.  3D)  indicated  that  both  pairs  of  peptides  interact 
under  these  experimental  conditions.  In  each  case,  the  a-heli- 
cal  content  calculated  from  the  experimental  spectra  was 
—  15%  greater  than  expected  for  a  noninteracting  mixture.  Pre¬ 
dicted  helicities  were  34  and  33%,  respectively,  for  the  SB/ST 
and  SN/ST  mixtures,  whereas  the  experimental  values  were  39 
and  38%,  i.e.  15%  higher  than  expected  for  noninteracting 
mixtures. 

Increasingly  higher  peptide  concentration  in  equimolar  mix¬ 
tures  of  the  SN,  SB,  and  ST  peptides  in  the  presence  of  30% 
TFE  (Fig.  4A)  also  results  in  an  increase  in  helicity  and  there¬ 
fore  a  stabilization  of  the  complex.  Increasing  the  individual 
peptide  concentrations  from  10  to  30  yM  results  in  an  increase 
in  helicity  from  46  to  54%.  It  is  noticeable  that  the  three  spectra 
define  a  unique  isodichroic  point,  consistent  with  the  occur- 
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Fig.  3.  CD  spectra  of  binary  and  ter¬ 
nary  mixtures  of  synthetic  peptides 
SN,  SB,  and  ST.  Experimental  ( solid 
line )  and  calculated  {dashed  line)  nonin¬ 
teracting  spectra  are  shown  for  each  mix¬ 
ture  as  well  as  recordings  corresponding 
to  the  same  peptide  mixture  after  a  24-h 
incubation  at  5  °C.  A ,  individual  spectra 
of  SN,  SB,  and  ST  peptides  used  to  deter¬ 
mine  the  calculated  noninteracting  spec¬ 
tra;  B,  SN/SB  mixture;  C,  SB/ST  mixture; 
D,  SN/ST  mixture;  E,  SN/SB/ST  ternary 
mixture;  F,  comparison  between  the  spec¬ 
trum  of  the  ternary  mixture  after  a  24-h 
incubation  and  the  spectrum  calculated 
from  the  summation  of  the  binary  spec¬ 
tra.  Peptide  concentration  was  30  /am  for 
each  peptide.  Spectra  were  recorded  in  10 
mM  sodium  phosphate,  pH  7.4,  100  mM 
NaCl,  with  30%  TFE. 


Fig.  4.  CD  spectra  of  ternary  mix¬ 
tures  of  the  SN,  SB,  and  ST  peptides 
as  function  of  peptide  concentration 
and  ionic  strength.  A,  CD  spectra  of 
equimolar  mixtures  of  SN,  SB,  and  ST 
peptides,  at  individual  peptide  concentra¬ 
tions  of  10,  20,  and  30  pM.  Spectra  were 
recorded  in  10  mM  sodium  phosphate,  pH 
7.4,  100  mM  NaCl,  with  30%  TFE;  B,  ef¬ 
fect  of  increasingly  higher  concentrations 
of  NaCl  on  the  secondary  structure  of 
equimolar  ternary  mixtures  of  SN,  SB, 
and  ST  peptides  at  individual  peptide 
concentrations  of  30  p M.  Spectra  were  re¬ 
corded  in  10  mM  sodium  phosphate,  pH 
7.4,  30%  TFE.  NaCl  concentrations  used 
were  0.1,  0.5,  and  1  M. 


rence  of  a  single  specific  complex.  When  equimolar  ternary 
mixtures  are  exposed  to  higher  concentrations  of  NaCl  in  the 
presence  of  30%  TFE  (Fig.  4 B),  there  is  a  remarkable  increase 
in  the  helicity  (from  55%  at  0.1  M  NaCl  to  72%  at  0.5  m  and  81% 
at  1  m).  This  feature  is  consistent  with  hydrophobic  peptide- 
peptide  interactions  as  suggested  by  the  model  (Fig.  IB).  The 


increased  a-helical  content  with  increasing  ionic  strength  is  in 
accordance  with  data  for  coiled-coil  peptides  and  can  be  ex¬ 
plained  by  the  increased  strength  of  the  hydrophobic  interac¬ 
tions  as  the  polarity  of  the  medium  is  increased  (69). 

Whereas  the  spectra  of  all  three  peptides  were  independent 
of  the  peptide  concentration  in  aqueous  solution  (Fig.  5,  A-C)% 
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Fig.  5.  CD  spectra  of  the  synthetic 
peptides  at  increasingly  higher  con¬ 
centrations  in  the  absence  or  pres¬ 
ence  of  TFE.  A,  SN  peptide;  B,  SB  pep¬ 
tide;  and  C,  ST  peptide  in  aqueous 
solution.  D ,  SN  peptide;  E,  SB  peptide; 
and  F,  ST  peptide  in  30%  TFE.  Peptide 
concentrations  were  30,  60,  and  90  p,M, 
respectively.  Spectra  were  recorded  in  10 
mM  sodium  phosphate,  pH  7.4,  100  mM 
NaCl,  with  or  without  30%  TFE. 


in  the  presence  of  30%  TFE  the  increase  in  peptide  concentra¬ 
tion  resulted  in  a  concomitant  increase  in  the  a-helical  content, 
as  indicated  by  the  increase  in  negative  ellipticity  at  222  nm 
(Fig.  5,  D-F ).  Helicity  increased  from  30  to  53%  for  SN,  from  41 
to  49%  for  SB,  and  from  35  to  51%  for  ST.  This  is  consistent 
with  the  fact  that  peptides  with  a-helical  structures  that  are 
dependent  on  dimerization  or  oligomerization  show  an  aug¬ 
mentation  of  a-helical  content  as  the  peptide  concentration  is 
increased  (74).  This  presumably  arises  because  the  equilibrium 
between  monomeric  peptide  (in  the  form  of  random  coil)  and 
coiled-coil  dimer  is  shifted  toward  the  formation  of  the  coiled- 
coil  dimer,  which  increases  the  a-helical  content  of  the  peptide 
(65). 

Higher  peptide  concentrations  induced  a  moderate  increase 
in  the  ratio  between  the  peaks  at  222  and  208  nm  (0222^2os): 
from  0.68  to  0.78  for  SN;  from  0.75  to  0.77  for  SB;  and  from  0.88 
to  0.94  for  ST.  The  ratio  between  the  intensities  of  the  bands  at 
222  and  208  nm  may  be  regarded  as  a  measure  for  the  extent 
of  coiling  of  a-helices  around  each  other.  The  222 -nm  CD  band 
is  mainly  responsive  to  the  a-helical  content,  whereas  the  band 
at  208  nm  is  sensitive  to  whether  the  a-helix  is  monomeric  or  is 
involved  in  tertiary  contacts  with  other  a-helices  (75-77). 
Therefore,  this  is  an  additional  criterion  for  the  formation  of 
stable  coiled-coil  structures.  Each  set  of  curves  defined  a 
unique  isodichroic  point,  consistent  with  a  single  monomer- 
dimer  equilibrium,  which  indicated  that  the  oligomerization 
observed  was  sequence-specific  and  presumably  stabilized  by  a 
concerted  set  of  ion  pairs  in  a  defined  spatial  arrangement. 

The  ratio  of  the  222-  to  the  208-nm  peak  is  an  operational 
index  to  detect  the  presence  of  pure  coiled-coils.  For  peptides 
stabilized  at  low  TFE  concentrations,  an  equilibrium  between 
monomeric  and  multimeric  states  is  anticipated,  resulting  in  a 
profile  intermediate  between  a  pure  coiled-coil  and  a  predom¬ 
inantly  monomeric  situation.  Given  that  the  peptides  exhibit  a 
relatively  low  a-helical  content  and  that  there  is  a  substantial 
fraction  of  peptide  in  monomeric  form,  the  formation  of  homo¬ 
meric  or  heteromeric  arrays  arising  from  interhelical  interac¬ 
tions  would  result  in  an  a-helical  content  of  the  mixtures  larger 
than  that  expected  from  a  spectrum  calculated  from  the  indi¬ 
vidual  spectra  (Fig.  3A). 

To  address  the  question  of  whether  the  increase  in  a-helicity 
observed  in  the  ternary  mixture  could  be  accounted  for  by  mere 
binary  interactions  between  the  SN,  SB,  and  ST  peptides,  the 


calculated  spectrum  predicted  from  the  sum  of  SN/ST  and 
SB/ST  interactions  was  calculated  (Fig.  3 F,  dashed  line).  The 
experimental  spectrum  obtained  from  the  ternary  mixture  (Fig. 
3 F,  solid  line)  showed  an  a-helical  content  (46%)  considerably 
higher  than  expected  from  a  mixture  of  dimers  (38%),  suggest¬ 
ing  the  presence  of  ternary  or  higher  order  interactions. 

The  specificity  of  the  interactions  observed  in  binary  mix¬ 
tures  was  tested  using  mixtures  of  the  SN,  SB,  and  ST  peptides 
with  the  SNrd  control  peptide  (Fig.  6).  The  SNRD  peptide  was 
unstructured  in  aqueous  solution,  and  in  the  presence  of  30% 
TFE  its  a-helical  content  was  similar  to  that  of  the  SN  peptide 
(spectrum  not  shown).  Equimolar  mixtures  of  SNRD  and  SN 
(SN/SNrd)  showed  no  difference  between  the  spectrum  calcu¬ 
lated  for  a  noninteracting  mixture  and  the  experimental  spec¬ 
trum  (Fig.  6A).  Similarly,  spectra  obtained  from  SB/SNRD  and 
ST/SNRD  binary  mixtures  showed  no  difference  with  respect  to 
the  calculated  noninteracting  spectra  (Fig.  6,  B  and  C).  The 
slight  differences  observed  in  the  figure  are  not  statistically 
significant  as  assessed  using  a  Student’s  t  test  on  the  nonfil- 
tered  spectra.  In  the  case  of  mixtures  assayed  in  the  presence 
of  30%  TFE,  the  situation  is  the  same:  there  is  no  interaction 
between  SN,  SB,  or  ST  and  the  control  peptide  (Fig.  6,  D-F). 
This  indicates  that  the  interactions  observed  upon  increasing 
peptide  concentration  or  mixing  with  other  peptides,  either  in 
binary  or  ternary  mixtures,  is  sequence-specific. 

Conclusion 

Our  study  identifies  a  minimal  entity  that  opens  a  new 
perspective  for  the  study  of  the  molecular  interactions  between 
SNAP-25,  synaptobrevin,  and  syntaxin.  Three  distinct  syn¬ 
thetic  peptides  patterned  after  the  sequences  of  the  putative 
coiled-coil-forming  domains  of  the  main  components  of  the 
docking  and  fusion  complex  self-assemble  into  a  complex  that 
exhibits  spectral  characteristics  consistent  with  a  coiled-coil 
structure.  A  synthetic  coiled-coil  ternary  complex  provides  a 
basis  for  further  developments:  1)  the  ternary  complex  appears 
suitable  for  both  crystallization  and  NMR  spectroscopy  that,  in 
due  turn,  may  yield  a  high  resolution  structure  of  the  fusion 
core  complex;  2)  it  represents  a  conceptual  framework  to  assist 
in  the  design  and  test  of  new  peptide  inhibitors  of  neurotrans¬ 
mitter  release;  3)  it  provides  leads  for  the  design  of  small 
molecule  peptidomimetic  drugs;  and  4)  it  may  be  valuable  to 
generate  specific  antibodies  to  block  neurotransmitter  release. 
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Fig.  6.  CD  spectra  of  binary  mix¬ 
tures  of  synthetic  peptides  SN,  SB, 
and  ST  and  the  control  peptide  SNRD. 

A,  SN/SNrd  mixture;  B ,  SB/SNRD  mix¬ 
ture;  and  C ,  ST/SNrd  mixture  in  aqueous 
solution.  D,  SN/SNrd  mixture;  E ,  SB/ 
SNrd;  and  F,  SB/SNRD  mixture  in  30% 
TFE.  Experimental  ( solid  line )  and  calcu¬ 
lated  {dashed  line)  noninteracting  spectra 
are  shown  for  each  binary  mixture.  Pep¬ 
tide  concentration  was  30  fi M.  Spectra 
were  recorded  in  10  mM  sodium  phos¬ 
phate,  pH  7.4, 100  mM  NaCl,  with  or  with¬ 
out  30%  TFE. 


Indeed,  the  synthetic  peptides  that,  as  shown  here,  participate 
in  the  assembly  of  the  temay  complex  in  fact  mimic  the  action 
of  Clostridial  neurotoxins  (40,  43).  Therefore,  our  findings  may 
lead  to  the  development  of  peptide-based  agents  that  may  be 
used  as  potential  therapy  in  spastic  neuromuscular  disorders, 
substituting  or  complementing  the  current  treatment  with 
BoNTs. 
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Note  Added  in  Proof— After  submission  of  this  manuscript,  two  pa¬ 
pers  reported  the  structure  of  the  SNARE  complex  as  a  parallel  four- 
helix  bundle  determined  by  x-ray  crystallography  (Sutton  R.  B., 
Fasshauer,  D.,  Jahn,  R.,  and  Brunger,  A.  T.  (1998)  Nature  395,  347- 
353)  and  by  electron  paramagnetic  resonance  spectroscopy  (Poirier,  M. 
A.,  Xiao,  W.,  Macosko,  J.  C.,  Chan,  C.,  Shin,  Y.-K.,  and  Bennett,  M.  K 
(1998)  Nat  Struct  Biol  5,  765-769).  The  results  of  our  study  are 
consistent  with  the  high  resolution  structure  of  the  SNARE  complex. 
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Abstract  Tyrosine  phosphorylation  of  botulinum  neurotoxins 
augments  their  proteolytic  activity  and  thermal  stability, 
suggesting  a  substantial  modification  of  the  global  protein 
conformation.  We  used  Fourier-transform  infrared  (FTIR) 
spectroscopy  to  study  changes  of  secondary  structure  and 
thermostability  of  tyrosine  phosphorylated  botulinum  neurotox¬ 
ins  A  (BoNT  A)  and  E  (BoNT  E).  Changes  in  the  conforma- 
tionally-sensitive  amide  I  band  upon  phosphorylation  indicated 
an  increase  of  the  a-helical  content  with  a  concomitant  decrease 
of  less  ordered  structures  such  as  turns  and  random  coils,  and 
without  changes  in  [3-sheet  content.  These  changes  in  secondary 
structure  w'ere  accompanied  by  an  increase  in  the  residual  amide 
II  absorbance  band  remaining  upon  H-D  exchange,  consistent 
with  a  tighter  packing  of  the  phosphorylated  proteins.  FTIR  and 
differential  scanning  calorimetry  (DSC)  analyses  of  the  dena- 
turation  process  show  that  phosphorylated  neurotoxins  denature 
at  temperatures  higher  than  those  required  by  non-phosphoryl- 
ated  species.  These  findings  indicate  that  tyrosine  phosphoryla¬ 
tion  induced  a  transition  to  higher  order  and  that  the  more 
compact  structure  presumably  imparts  to  the  phosphorylated 
neurotoxins  the  higher  catalytic  activity  and  thermostability. 

©  1998  Federation  of  European  Biochemical  Societies. 
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1.  Introduction 

Botulinum  neurotoxin  (BoNT),  considered  the  most  potent 
neurotoxin  and  the  sole  cause  of  the  neuroparalytic  disease 
botulism,  blocks  acetylcholine  release  at  the  neuromuscular 
junction  and  thus  produces  flaccid  paralysis  in  skeletal 
muscles  [1,2].  Because  of  the  extremely  selective  mode  of  ac¬ 
tion,  inhibition  of  neurotransmitter  release,  BoNT  is  now  an 
important  therapeutic  agent  in  the  treatment  of  several  neuro¬ 
logical  disorders  associated  with  uncontrolled  muscular  con¬ 
tractions  or  spasms  [3]. 

BoNT  (serotypes  A-G)  is  produced  by  the  bacterium  Clos¬ 
tridium  botulinum  as  a  single  chain  of  150  kDa  which  under¬ 
goes  proteolytic  cleavage  yielding  a  fully  active  dichain  pro¬ 
tein  composed  of  a  100-kDa  heavy  chain  (HC)  and  a  50-kDa 
light  chain  (LC),  linked  by  a  disulfide  bond.  The  neurotoxin 
first  binds  to  a  specific  neuronal  surface  receptor,  is  internal¬ 
ized  by  receptor-mediated  endocytosis,  and  the  LC  is  then 
translocated  to  the  cytosol,  where  it  acts  [1,4].  The  LCs  are 
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Zn2+-dependent  metalloproteases  that  selectively  cleave  pro¬ 
teins  involved  in  targeting  and  fusion  of  presynaptic  vesicles 
with  the  plasma  membrane  [1,4-6].  The  result  is  induction  of 
nerve  dysfunction  by  inhibiting  Ca2+-evoked  neurotransmitter 
release. 

The  long  lasting  paralytic  effects  exerted  by  BoNT  in  bot¬ 
ulism  or  in  its  therapeutic  application  suggest  that  these  pro¬ 
teins  are  highly  stable  inside  neurons  at  37°C.  This  stability 
contrasts  with  the  in  vitro  thermolability  of  pure  BoNT  im¬ 
plying  structural  difference(s)  between  the  in  vivo  and  in  vitro 
forms  [7,8].  Our  discovery  that  tyrosine  phosphorylation  of 
BoNTs  increases  both  their  catalytic  activity  and  thermal 
stability  [7],  suggests  that  significant  changes  in  protein  con¬ 
formation  may  ensue,  as  reported  for  the  phosphorylation  of 
other  proteins  [9].  We  examined  this  question  by  FTIR  spec¬ 
troscopy  to  monitor  structural  changes  produced  by  phos¬ 
phorylation  of  two  neurotoxin  serotypes,  BoNT  A  and 
BoNT  E,  and  differential  scanning  calorimetry  to  investigate 
the  effect  on  their  thermal  denaturation  process.  Tyrosine 
phosphorylation  of  BoNT  A  and  E  increased  their  a-helix 
content,  as  evidenced  from  the  conformationally-sensitive 
amide  I  bands  [10].  The  increment  in  structural  order  was 
accompanied  by  an  increase  in  the  absorbance  of  the  amide 
II  band  remaining  upon  H-D  exchange,  suggesting  that  the 
phosphorylated  neurotoxins  are  structurally  more  compact 
and  less  accessible  to  the  solvent  than  the  non-phosphorylated 
forms.  Furthermore,  the  phosphorylation-induced  structural 
change  promoted  a  stabilization  of  the  folded  proteins  that 
was  reflected  in  an  increase  in  the  temperature  at  which  the 
phosphorylated  neurotoxins  denature. 

2.  Materials  and  methods 

Deuterium  oxide  (D20,  99.9%  by  atom)  was  purchased  from  Sig¬ 
ma.  Centrifugal  filter  device  Biomax-50K  was  from  Millipore,  Bed¬ 
ford,  MA,  USA.  Recombinant  Src  kinase  (specific  activity  900000  U / 
mg)  was  from  Upstate  Biotechnology,  Lake  Placid,  NY,  USA. 

2.1.  Phosphorylation  of  BoNT  A  and  E 

BoNT  A  and  E  were  purified  and  tyrosine  phosphorylated  as  de¬ 
scribed  [7,11,12],  Briefly,  1  mg  of  neurotoxins  in  500  pi  of  20  mM 
HEPES  (pH  7.4),  20  mM  MgCI2,  1  mM  EGTA,  2  mM  dithiothreitol, 
0.5  mM  ATP  were  incubated  with  30  units  of  Src  kinase  for  90  min  at 
30°C.  Non-phosphorylated  and  phosphorylated  neurotoxins  were 
kept  at  -80°C  until  used.  Non-phosphorylated  neurotoxin  refers  to 
samples  in  which  ATP  was  omitted.  Tyrosine  phosphorylation  was 
monitored  by  Western  immunoblotting  using  a  anti-phosphotyrosine 
monoclonal  antibody  (clone  4G10,  UBI)  as  described  [7].  To  quantify 
tyrosine  phosphorylation  as  mol  Pi/mol  neurotoxin  a  40-pl  aliquot 
of  the  phosphorylation  reaction  was  supplemented  with  5  gCi  of 
[yJ2P]ATP  (3000  Ci/mmol).  Phosphorylated  neurotoxins  were  bound 
to  phosphocellulose  filters  (SpinZyme,  Pierce)  and  washed  with  0.75% 
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phosphoric  acid.  Phosphocellulose  filters  were  immersed  and  equili¬ 
brated  in  scintillation  fluid  and  the  radioactivity  was  counted. 

2.2.  Infrared  spectroscopy 

BoNTs  aqueous  buffer  was  exchanged  for  deuterated  buffer  by 
subjecting  the  samples  to  two  centrifugation  cycles  in  a  Biomax-50K 
filter,  followed  by  incubation  in  D20-based  buffer  (10  mM  HEPES 
buffer,  pH  7.0,  130  mM  KC1,  30  mM  NaCl)  for  2  h  at  ~20°C  and, 
thereafter,  another  round  of  centrifugation  cycles.  Each  sample  of 
BoNTs  (20  jil,  at  8  mg/ml)  was  placed  between  a  pair  of  CaF2  win¬ 
dows  separated  by  a  50-pm  thick  mylar  spacer  in  a  Harrick  Ossining 
demountable  cell.  Spectra  were  recorded  on  a  Nicolet  520  instrument 
equipped  with  a  DTGS  detector  and  the  sample  chamber  was  contin¬ 
uously  purged  with  dry  air.  A  minimum  of  600  scans  per  sample  were 
taken,  averaged,  apodized  with  a  Happ-Genzel  function  and  Fourier- 
transformed  to  give  a  nominal  resolution  of  2  cm-1  [13].  Three  spec¬ 
tra  at  20°C  of  each  BoNT  sample  were  recorded.  Temperature  was 
kept  constant  with  a  circulating  water  bath.  Contribution  of  buffer 
spectra  was  subtracted  and  the  resulting  spectra  used  for  analysis. 

2.3.  Determination  of  secondary  structure  components 

Protein  secondary  structure  components  were  quantified  from 
curve-fitting  analysis  by  band  decomposition  of  the  original  amide  I 
band  after  spectra  smoothing  [14,15].  Spectrum  smoothing  was  carried 
out  applying  the  maximum  entropy  method,  assuming  that  noise  and 
bandshape  follow  a  normal  distribution  [14].  The  minimum  band¬ 
width  was  set  to  12  cm'1  [14].  The  resulting  spectra  possess  a  sig¬ 
nal/noise  ratio  better  than  4500:1.  Derivation  of  IR  spectra  was  per¬ 
formed  using  a  power  of  3,  breakpoint  of  0.3,  and  Fourier  self¬ 
deconvolution  was  performed  using  a  Lorenztian  bandwidth  of  18 
cm-1  and  a  resolution  enhancement  factor  ( k )  of  2.0  [16,17].  To 
quantify  the  secondary  structure,  the  number  and  position  of  the 
absorbance  band  components  were  taken  from  the  deconvoluted  spec¬ 
tra,  the  bandwidth  was  estimated  from  the  derived  spectra,  and  the 
absorbance  height  from  the  original  spectra  [14].  The  iterative  curve- 
fitting  process  was  performed  in  CURVEFIT  running  under  Spectra- 
Calc  (Galactic  Industries  Corp.,  Salem,  NH,  USA).  The  number, 
position  and  bandshape  were  kept  fixed  during  the  first  200  iterations. 
The  fittings  were  further  refined  by  allowing  the  band  positions  to 
vary  for  50  additional  iterations.  The  goodness  of  fit  between  exper¬ 
imental  and  theoretical  spectra  was  assessed  from  the  yf  values 
(1  X  10"5^1.5X  10-5).  The  area  of  the  fitted  absorbance  band  compo¬ 
nents  was  used  to  calculate  the  percent  of  secondary  structure  [13-18]. 

2.4.  Differential  scanning  calorimetry 

Differential  scanning  calorimetry  (DSC)  was  performed  on  a  Micro- 
cal  MC-2  microcalorimeter,  as  described  [19].  The  difference  in  the 
heat  capacities  between  1-ml  aliquots  of  BoNTs  at  1  mg/ml  (contained 
in  the  ‘sample’  cell  of  the  instrument)  and  buffer  alone  (‘reference’ 
cell)  were  recorded  by  raising  the  temperature  at  a  constant  rate  of 
90°C/h. 


3.  Results  and  discussion 

3.1.  The  helical  content  of  BoNTs  increases  upon 
phosphorylation 

The  conformationally-sensitive  amide  I  infrared  absorbance 
band  of  BoNT  A  and  E  after  tyrosine-specific  phosphoryla¬ 
tion  (~0.5  mol  Pi/mol  toxin)  were  compared  with  non-phos- 


Fig.  1.  Tyrosine  phosphorylation  modulates  the  secondary  structure 
content  of  BoNT  A  and  E.  Infrared  amide  I  band  region  of  the 
original  (A,B)  and  deconvoluted  spectra  (C,D)  of  BoNT  A  (A,C) 
and  BoNT  E  (B,D)  from  control  (solid  line)  and  tyrosine  phos- 
phorylated  samples  (dashed  line).  Neurotoxins  (8  mg/ml)  were  in 
D20  medium  prepared  from  10  mM  HEPES,  pH  7.0,  130  mM  KC1 
and  30  mM  NaCl.  Spectra  were  taken  at  20°C  and  corrected  from 
the  buffer  contribution  by  subtracting  the  spectrum  characteristic  of 
the  buffer.  Three  spectra  were  acquired  for  each  BoNT  sample. 
Fourier  self-deconvolution  was  carried  out  with  a  Lorentzian  band 
of  18  cm-1  half-width,  and  a  resolution  enhancement  factor  of  2.0. 


phorylated  neurotoxins.  At  this  phosphorylation  stoichiome¬ 
try,  both  the  LC  and  HC  are  similarly  phosphorylated,  and 
the  activity  and  stability  of  the  neurotoxins  is  augmented  [7]. 
The  original  and  the  deconvoluted  spectra  of  control  and 
phosphorylated  BoNTs  samples  are  shown  in  Fig.  1.  Tyrosine 
phosphorylation  of  BoNT  A  and  E  notably  affected  the  spec¬ 
tral  shape  of  the  amide  I  band  (Fig.  1,  dashed  lines).  Although 
phosphorylated  neurotoxins  show  the  maxima  observed  in 
non-phosphorylated  samples,  the  relative  intensities  of  specific 
bands  appear  altered,  suggesting  that  tyrosine  phosphoryla¬ 
tion  modulates  the  relative  content  of  secondary  structural 
components.  The  individual  components  may  be  discerned 
upon  application  of  resolution-enhancement  and  band-nar¬ 
rowing  techniques  [14,15].  Band-narrowing  deconvolution  of 
the  amide  I  band  showed  that  BoNT  A  and  BoNT  E  exhibit 
maxima  at  approximately  1690,  1680,  1668,  1652,  1640,  1630 
and  1615  cm"1.  Whereas  the  1615-cm”1  component  corre¬ 
sponds  to  amino  acid  side  chain  vibration,  all  the  other  max¬ 
ima  are  assigned  to  vibration  of  the  carbonyl  group  in  peptide 
bonds  within  different  secondary  structural  motifs  [10].  The 
1630-cm"1  component  is  assigned  to  (3-structure,  the  1640- 
cm"1  component  to  random  structure,  the  1652-cm_1  compo¬ 
nent  to  a-helix,  the  1690-  and  1668-cm"1  components  to 
turns,  and  the  1680-cm"1  band  includes  contributions  from 


Table  1 


Denaturation  temperatures  of 

non-phosphorylated  and  phosphorylated  BoNTs 

BoNT  A 

BoNT  E 

Control 

Phosphorylated 

Control 

Phosphorylated 

r,,  (°c)  dsc“ 

51.1 

53.0 

50.5 

53.2 

7d  (°C)  FT-IR1' 

50.5 

53.5 

51.3 

55.1 

RDenaturation  temperatures  were  obtained  from  the  DSC  thermograms  as  the  temperature  at  which  the  transition  endotherm  peaks  [27,28]. 
Because  of  the  need  of  large  amounts  of  protein  for  DSC  analysis,  measures  correspond  to  a  single  experiment. 

bDenaturation  temperatures  correspond  to  the  inflexion  point  of  the  sigmoidal  curve  obtained  when  the  changes  in  the  width  at  half-height  of  the 
amide  I  absorbance  band  are  plotted  as  a  function  of  the  temperature  (Fig.  4).  Values  correspond  to  three  independent  measurements.  Experimental 
error  is  ^  10%. 
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turns  as  well  as  from  the  (0,7t)  p-sheet  vibration  band  [10,20- 
22].  The  secondary  structures  of  non-phosphorylated  and 
phosphorylated  BoNTs  were  quantified  using  a  maximum  en¬ 
tropy  method  that  reduces  spectral  noise  providing  a  more 
accurate  estimate  of  secondary  structure  [14,15].  Fig.  2  illus¬ 
trates  band-fitting  analysis  of  the  original  amide  I  band  of 
non-phosphorylated  BoNT  A  (Fig.  2A)  and  BoNT  E  (Fig. 
2B)  and  the  corresponding  phosphorylated  species  (Fig. 
2C,D).  Note  that  BoNT  A  shows  a  higher  content  of  a-helix 
than  BoNT  E  (Fig.  2E),  consistent  with  other  reports  [23]. 
Upon  phosphorylation,  the  a-helix  content  of  BoNT  A  in¬ 
creased  from  36%  to  50%  (Fig.  2E),  and  for  BoNT  E  it  aug¬ 
mented  from  26%  to  43%  (Fig.  2E).  This  increment  in  a-hel- 
ical  structure  was  concomitant  with  a  ~40%  decrease  in  less 
ordered  structures  such  as  turns  (1668  cm"1)  and/or  random 
coils  (1640  cm"1),  without  altering  the  P-sheet  content  (Fig. 
2E).  Therefore,  these  findings  indicate  that  tyrosine  phospho¬ 
rylation  promotes  a  disorder-to-order  transition  in  the  neuro¬ 
toxin  structure. 
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Fig.  2.  Tyrosine  phosphorylation  increases  the  percent  of  a-helix 
secondary  structure.  Band-fitting  analysis  of  the  infrared  amide  I 
band  of  BoNT  A  (A,C)  and  BoNT  E  (B,D)  from  control  (A,B)  and 
phosphorylated  samples  (C,D).  Each  panel  shows  representative  re¬ 
sults  from  band-fitting  analysis  of  BoNTs  secondary  structure.  The 
discontinuous  trace,  superimposed  on  the  original  spectra,  denotes 
the  theoretical  curve  resulting  from  the  contribution  of  all  individual 
components,  which  are  displayed  as  gaussian  distributions  under  the 
spectra.  E:  Calculated  percentages  of  all  different  components  of 
the  secondary  structure  of  control  and  tyrosine  phosphorylated 
BoNT  A  and  BoNT  E.  Secondary  structure  elements  were  calcu¬ 
lated  by  band  decomposition  and  curve-fitting  of  the  original  amide 
I  band  after  spectra  smoothing  [14,15].  Other  conditions  were  as  in 
legend  to  Fig.  1. 


Wavenumber,  cm' 

Fig.  3.  Tyrosine  phosphorylation  of  BoNT  A  and  E  promotes 
tighter  packing.  Phosphorylation-dependent  changes  in  the  amide  II 
(1595-1525  cm-1  region)  band  of  BoNT  A  (A)  and  BoNT  E  (B)  re¬ 
maining  upon  H-D  exchange.  Solid  lines  denote  non-phosphorylated 
samples,  and  dashed  lines  indicate  tyrosine-phosphorylated  proteins. 
H-D  exchange  was  carried  out  by  2-h  incubation  of  samples  in 
D20-based  buffer  followed  by  two  washes  with  Biomax-50K  centri¬ 
fugal  filters.  The  IR  spectra  were  recorded  in  D20  medium  at  the 
indicated  temperatures  during  a  heating  cycle  of  2.5  h.  Protein  con¬ 
centration  was  8  mg/ml.  Contribution  of  buffer  spectrum  was  sub¬ 
tracted. 


3.2.  The  compactness  of  the  BoNTs  increases  upon 
phosphorylation 

The  amide  II  band  in  proteins  originates  primarily  from  N- 
H  bending  in  the  peptide  backbone  [24,25].  Its  residual  inten¬ 
sity  remaining  after  D20  exchange  arises  from  those  NH 
groups  unable  to  undergo  H-D  exchange  and,  therefore,  it 
reports  on  the  inaccessibility  of  the  protein  core  to  the  solvent 
which,  in  turn,  indicates  the  compactness  of  the  protein 
[24,25].  Replacement  of  H20  by  D20  from  the  non-phos¬ 
phorylated  neurotoxin  resulted  in  the  virtual  disappearance 
of  the  amide  II  absorbance  band  centered  at  1550  cm-1 
(Fig.  3,  lower  panels,  solid  lines).  Phosphorylated  species, 
however,  exhibited  a  substantial  residual  amide  II  band  ab¬ 
sorbance  (Fig.  3,  lower  panels,  dashed  lines),  which  partly 
remained  even  after  heating  at  70°C  (Fig.  3,  upper  panels). 
These  results  indicate  a  hindrance  of  H-D  exchange  in  phos¬ 
phorylated  BoNTs,  presumably  because  of  the  increased  com¬ 
pactness  of  the  structure.  Taken  together,  the  spectral  changes 
in  the  amide  I  and  the  amide  II  upon  phosphorylation  suggest 
that  the  non-exchangeable  hydrogens  correspond  to  those  in¬ 
volved  in  the  newly  generated  a-helical  structure. 

3.3.  The  thermal  stability  of  BoNTs  increases  upon 
phosphorylation 

Non-phosphorylated  neurotoxins  displayed  minor  altera¬ 
tions  on  the  spectral  shape  of  the  amide  I  band  upon  increas¬ 
ing  the  temperature  up  to  70°C  (Fig.  4,  solid  lines).  In  con¬ 
trast,  for  tyrosine-phosphorylated  BoNTs  the  appearance  of 
two  components  at  1618  and  1685  cm"1  (Fig.  4,  dashed  lines), 
which  correspond  to  interactions  between  extended  chains, 
was  detected.  This  observation  has  been  interpreted  as  a  con¬ 
sequence  of  aggregation  of  thermally  unfolded  proteins 
[13,25-27].  The  heat-induced  denaturation  process  was  irre¬ 
versible  as  evidenced  by  the  lack  of  recovery  of  the  initial 
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2-3°C  of  the  melting  temperature  (Table  1).  These  findings 
indicate  that  tyrosine  phosphorylation  of  botulinum  neuro¬ 
toxins  induces  a  conformation  characterized  by  higher  ther¬ 
mostability. 

3.4.  Structural  basis  of  the  functional  modulation  of  BoNTs  by 
tyrosine  phosphorylation 

Our  findings  show  that  tyrosine  phosphorylation  induces  a 
disorder-to-order  structural  transition  characterized  by  a  sig¬ 
nificant  increase  in  a-helical  content  with  a  decrease  in  less 
ordered  structures.  Consequently,  phosphorylated  BoNTs  ex¬ 
hibit  tighter  packing  than  the  non-phosphorylated  species  and 
denature  at  temperatures  higher  than  those  required  for  non- 
phosphorylated  neurotoxins.  The  induction  of  structural  order 
favors  side  chain  interactions  by  hydrogen  bond  formation, 
an  enthalpic  gain.  Higher  order  also  augments  the  compact¬ 
ness  of  the  protein,  which  presumably  decreases  the  number 
of  cavities,  an  entropic  gain  [9,29],  This  mechanism  to  increase 
protein  stability  resembles  that  proposed  to  account  for  the 
extreme  stability  of  thermophile  enzymes,  which  are  highly 
ordered  and  tightly  packed  structures  [30].  We  suggest  that 
the  more  compact  structure  may  account  for  the  augmenta¬ 
tion  of  the  LC  catalytic  activity  produced  by  tyrosine  phos¬ 
phorylation  [7].  However,  we  cannot  exclude  a  contribution  of 
the  HC  to  the  structural  changes  observed  in  this  study. 
Hence,  additional  studies  are  needed  to  determine  the  struc¬ 
tural  modulation  of  each  neurotoxin  chain  by  tyrosine  phos¬ 
phorylation. 


Fig.  4.  Tyrosine  phosphorylation  increases  the  thermostability  of 
BoNT  A  and  BoNT  E.  Temperature  dependence  of  the  amide  I 
band  of  BoNT  A  (A)  and  BoNT  E  (B)  for  control  (solid  line)  and 
phosphorylated  (dashed  line)  proteins.  IR  spectra  were  recorded  in 
D20  medium  at  the  indicated  temperatures  during  a  heating  cycle 
of  2.5  h.  C:  To  determine  the  denaturing  temperature,  changes  in 
the  width  at  half-height  of  the  amide  I  band  were  measured,  nor¬ 
malized  and  plotted  as  a  function  of  the  temperature  at  which  the 
spectrum  was  recorded.  The  data  were  described  by  the  logistic 
equation: 


w  1 


where  w  denotes  the  width  at  half-height  of  the  amide  I  band,  wmax 
the  maximal  width  at  half-height,  n  the  slope  of  the  sigmoid,  T  the 
temperature,  and  T<\  the  denaturing  temperature  which  corresponds 
to  the  inflexion  point  of  the  sigmoidal  curve.  Experimental  data 
were  fitted  to  the  logistic  equation  with  a  non-linear  least-squares 
regression  algorithm  using  MicroCal  ORIGIN  version  2.8  (Micro- 
cal,  Amherst).  Solid  lines  depict  the  best  fit  to  a  sigmoidal  curve. 
Denaturing  temperatures  are  listed  in  Table  1. 

spectral  shape  upon  cooling  the  heated  samples  back  to  20°C 
(data  not  shown). 

The  temperature-dependent  changes  in  the  width  at  half¬ 
height  of  the  amide  I  IR  band,  plotted  as  a  function  of  the 
temperature,  display  a  sigmoidal  shape  with  an  inflexion  point 
that  corresponds  to  the  denaturation  temperature  (Fig.  4C) 
[27].  Accordingly,  BoNT  A  was  found  to  denaturate  at 
50.5°C  and  BoNT  E  at  51.1°C,  while  phosphorylated  BoNT 
A  denatured  at  53.5°C,  and  BoNT  E  at  55.1°C,  i.e.  3-5°C 
higher  than  non-phosphorylated  neurotoxins  (Fig.  4C).  The 
increased  thermal  stability  was  also  detected  by  DSC,  which 
measures  directly  the  energetics  of  the  heat-induced  denatura¬ 
tion  [28].  DSC  demonstrated  that  phosphorylation  induced  a 
thermal  stabilization,  which  was  manifested  as  an  increase  of 
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Abstract  Botulinum  neurotoxin  E  (BoNT  E)  cleaves  SNAP-25 
at  the  C-terminal  domain  releasing  a  26-mer  peptide.  This 
peptide  product  may  act  as  an  excitation-secretion  uncoupling 
peptide  (ESUP)  to  inhibit  vesicle  fusion  and  thus  contribute  to 
the  efficacy  of  BoNT  E  in  disabling  neurosecretion.  We  have 
addressed  this  question  using  a  synthetic  26-mer  peptide  which 
mimics  the  amino  acid  sequence  of  the  naturally  released  peptide, 
and  is  hereafter  denoted  as  ESUP  E.  This  synthetic  peptide  is  a 
potent  inhibitor  of  Ca2+-evoked  exocytosis  in  permeabilized 
chromaffin  cells  and  reduces  neurotransmitter  release  from 
identified  cholinergic  synapses  in  in  vitro  buccal  ganglia  of 
Aplysia  califorttica.  In  chromaffin  cells,  both  ESUP  E  and  BoNT 
E  abrogate  the  slow  component  of  secretion  without  affecting  the 
fast,  Ca2+-mediated  fusion  event.  Analysis  of  immunoprecipi- 
tates  of  the  synaptic  ternary  complex  involving  SNAP-25, 
VAMP  and  syntaxin  demonstrates  that  ESUP  E  interferes  with 
the  assembly  of  the  docking  complex.  Thus,  the  efficacy  of 
BoNTs  as  inhibitors  of  neurosecretion  may  arise  from  the 
synergistic  action  of  cleaving  the  substrate  and  releasing  peptide 
products  that  disable  the  fusion  process  by  blocking  specific  steps 
of  the  exocytotic  cascade. 

©  1998  Federation  of  European  Biochemical  Societies. 
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1.  Introduction 

A  widely  held  view  considers  that  the  process  of  vesicle 
fusion  with  the  plasma  membrane  which  occurs  during  neuro¬ 
nal  exocytosis  is  mediated  by  SNARE  proteins  [1-5].  This 
family  of  membrane  proteins  provides  a  specific  means  of 
pairing  vesicles  (v-SNAREs)  with  target  (t-SNAREs)  mem- 
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branes  [1-5].  Clostridial  neurotoxins  are  metalloproteases  that 
cleave  specific  components  of  the  v-SNARE  and  t-SNARE 
and  abolish  neurotransmitter  release.  Botulinum  neurotoxins 
(BoNT)  B,  D,  F,  and  G,  and  the  structurally  related  tetanus 
toxin  specifically  cleave  VAMP  at  different  sites  [6,7];  BoNT 
A  and  E  cleave  SNAP-25  at  the  C-terminus  [8,9],  and  BoNT 
C  cuts  syntaxin  and  SNAP-25  [10,11].  Proteolysis  of  each  of 
these  substrates  produces  a  truncated  protein  and  releases  a 
peptide  product  [6-11].  It  has  been  proposed  that  these  pep¬ 
tide  products  may  also  prevent  the  formation  of  the  core 
complex  and  thereby  abrogate  Ca2+ -triggered  exocytosis 
[12,13].  This  hypothesis  is  supported  by  the  finding  that  trun¬ 
cated  fusion  proteins  and  synthetic  peptides  that  mimic  the 
amino  acid  sequence  of  segments  from  synaptotagmin  [14,15], 
SNAPs  [16],  synaptobrevin  [17],  syntaxin  [18],  Ca2+  channels 
[19],  and  SNAP-25  [12,13,20]  are  specific  inhibitors  of  neuro¬ 
secretion.  In  particular,  a  20-mer  peptide  encompassing  the  C- 
terminal  domain  of  SNAP-25  blocked  exocytosis  by  inhibiting 
vesicle  docking  in  permeabilized  chromaffin  cells  [12,13].  The 
term  ESUP  (excitation-secretion  uncoupling  £eptide)  was 
coined  to  highlight  this  inhibitory  activity  [12].  Although  these 
results  suggest  that  peptide  products  resulting  from  substrate 
cleavage  by  BoNTs  may  block  vesicle  fusion,  experimental 
support  to  substantiate  this  notion  is  still  limited. 

Here,  we  show  that  a  26-mer  peptide  corresponding  to  the 
amino  acid  sequence  of  the  peptide  product  released  by  BoNT 
E  cleavage  of  SNAP-25,  referred  to  as  ESUP  E,  efficiently  and 
selectively  blocks  Ca2+-evoked  exocytosis  in  chromaffin  cells 
and  neurotransmitter  release  in  Aplysia  cholinergic  synapses. 
Our  results  are  consistent  with  the  notion  that  ESUP  E  pre¬ 
vents  vesicle  docking  by  interfering  with  the  assembly  of  the 
synaptic  ternary  complex  formed  by  SNAP-25,  VAMP  and 
syntaxin. 

2.  Material  and  methods 

2.1.  Reagents 

[3H]Noradrenaline  was  from  DuPont-NEN  (Boston,  MA).  t-Boc 
and  Fmoc  amino  acids,  with  standard  side  chain  protecting  groups, 
were  obtained  from  Applied  Biosystems  (Foster  City,  CA),  NovaBio- 
chem  (La  Jolla,  CA)  or  Peninsula  Laboratories  (Belmont,  CA).  Sol¬ 
vents,  reagents  and  resins  for  peptide  synthesis  were  obtained  from 
Applied  Biosystems  (Foster  City,  CA),  Percoll  from  Pharmacia,  col- 
lagenase  (EC  3.4.24.3)  from  Boehringer  Mannheim  (Germany),  anti- 
SNAP-25  mAb  (clone  SM81)  from  Sternberger  (Baltimore,  MD), 
anti-syntaxin  mAb  (clone  HPC1)  from  Sigma  (St.  Louis,  MO)  and 
anti-VAMP  Ab  from  Stressgen  (Canada).  Agarose-conjugated  protein 
G  was  from  Pierce  (Rockford,  IL).  BoNTs  were  kindly  provided  by 
Drs.  B.R.  DasGupta  and  M.  Goodnough  (University  of  Wisconsin). 
All  other  reagents  were  of  analytical  grade  from  Sigma. 
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2.2.  Peptide  synthesis  and  purification 

ESUP  E  (SNAP-25  [181-206]:  IMEKADSNKTRIDEANQRAT- 
KMLGSG)  and  ESUP  ERDM  (ESDNDTRAIKITQAGSMKRMGL- 
NAKE)  were  synthesized  by  Fastmoc  Fmoc  chemistries  in  an  Applied 
Biosystems  431 A  automated  solid-phase  peptide  synthesizer,  cleaved 
and  purified  as  described  [12,13]. 

2.3.  Activation  of  Bo  NT  E 

The  single  chain  BoNT  E  in  25  mM  HEPES  was  converted  to  the 
‘nicked’  di-chain  form  by  treatment  with  0.3  mg/ml  trypsin  XI  for 
30  min  at  37°C,  followed  by  incubation  with  0.5  mg/ml  soybean  tryp¬ 
sin  inhibitor  for  15  min  at  room  temperature.  Aliquots  of  the  nicked 
toxin  were  frozen  at  — 80°C,  then  thawed  and  treated  with  1  mM 
dithiothreitol  (DTT)  immediately  before  use  to  expose  the  active  site 
of  the  light  chain  protease. 

2.4.  Chromaffin  cell  cultures  and  secretion  assays 

Chromaffin  cell  cultures  were  prepared  from  bovine  adrenal  glands 
by  collagenase  digestion  and  further  separated  from  debris  and  eryth¬ 
rocytes  by  centrifugation  on  Percoll  gradients  as  described  [12,13]. 
Cells  were  maintained  in  monolayer  cultures  at  a  density  of  625000 
cells/cm2  and  were  used  3-6  days  after  plating.  All  the  experiments 
were  performed  at  37°C.  Secreted  [3H]noradrenaline  was  assayed  in 
digitonin-permeabilized  cells  as  described  [12,13].  The  CPM  released 
from  control  cells  under  basal  conditions  was  ~3000,  and  increased 
to  ~11  000  when  stimulated  with  10  pM  Ca2+.  The  total  number  of 
counts  obtained  from  detergent-permeabilized  cells  was  ~  110000. 
Thus,  the  normalized  basal  release  represents  3.5%  of  the  total  secre¬ 
tion,  and  the  Ca2+ -evoked  component  accounts  for  '>'10%  of  the 
total.  Statistical  significance  was  calculated  using  Student’s  /-test 
with  data  from  >4  independent  experiments. 

2.5.  Immunoprecipitation  of  the  ternary  complex 
SNAP-25/VAMPfsyntaxin  from  solubilized  rat  brain  synaptosomes 

Rat  brain  synaptosomes  were  prepared  from  brain  cortices  as  de¬ 
scribed  [21].  Synaptosomes  (100  pg)  were  solubilized  in  radioimmu- 
noprecipitation  assay  buffer  (50  mM  Tris-HCl  pH  7.4,  150  mM  NaCl, 
1%  Nonidet  P-40,  0.25%  deoxycholate,  1  mM  EGTA,  1  mM  NaF, 
1  mM  Na3VO.i,  1  mM  phenylmethylsulfonyl  fluoride  and  5  mM 
iodoacetamide),  incubated  with  or  without  100  pM  ESUPs  for  2  h 
at  4°C,  unless  otherwise  indicated.  Insoluble  material  was  removed  by 
centrifugation  at  lOOOOXg  for  30  min  at  4°C.  Immunopurification  of 
the  ternary  complex  SNAP-25/VAMP/syntaxin  from  the  soluble  ma¬ 
terial  was  achieved  by  using  an  overnight  incubation  with  anti-SNAP- 
25  monoclonal  antibody  (1  pg  mAb/100  pg  protein).  Immunocom- 
plexes  were  captured  with  agarose-conjugated  protein  G  (100  pi, 
50%  slurry),  and  washed  six  times  with  500  pi  of  radioimmunopre- 
cipitation  buffer  at  4°C.  Immunoprecipitates  were  dissolved  with  50  pi 
of  SDS-PAGE  buffer,  boiled  5  min,  separated  by  SDS-PAGE  and 
analyzed  by  immunoblotting.  Blots  were  probed  with  the  anti- 
SNAP-25  mAb,  an  anti-syntaxin  mAb  and  an  anti-VAMP  Ab.  Bands 
were  visualized  using  the  ECL  system,  and  quantified  using  the  public 
domain  NIH  Image  program  version  1.57  [13].  Data  are  given  as 
meantS.E.M.,  with  n  (number  of  experiments)  =  3. 

2.6.  Inhibition  of  neurotransmitter  release  in  Aplysia  synapses 

Experiments  were  performed  with  neuronal  preparations  from  the 

marine  mollusc  Aplysia  californica.  Intraneuronal  inhibition  of  nerve- 
evoked  release  of  acetylcholine  (ACh)  was  measured  at  identified 
cholinergic  synapses  of  Aplysia  buccal  ganglia  [22,23] .  The  ganglia 
were  surgically  removed  and  pinned  to  the  Sylgard  lined  bottom  of 
an  acrylic  chamber,  and  the  connective  tissue  capsule  was  excised.  The 
soma  of  identified  pre-  and  postsynaptic  cholinergic  neurons  were 
impaled  with  glass  microelectrodes  (2-4  M£2)  filled  with  2  M  potas¬ 
sium  acetate.  Action  potentials  were  evoked  in  presynaptic  neurons  by 
suprathreshold  depolarizing  stimuli  applied  at  0.1  Hz.  Neurotransmit¬ 
ter  release  was  assessed  by  measuring  the  amplitudes  of  inhibitory 
postsynaptic  currents  (IPSCs)  in  voltage-clamped  follower  neurons. 
Presynaptic  potentials  and  postsynaptic  currents  were  digitized  and 
stored  on  a  personal  computer  using  pClamp  software  (Axon  Instru¬ 
ments,  Foster  City,  CA).  Only  responses  that  were  not  accompanied 
by  spontaneous  activity  were  analyzed.  The  preparation  was  super- 
fused  continuously  at  a  rate  of  1  ml/min  with  artificial  sea  water 
containing  in  mM:  NaCl  480;  KC1  10;  CaCl2  10;  MgCl2  20;  MgSQj 
30;  NaHC03  2.5;  HEPES  10,  at  pH  7.8,  maintained  at  room  temper¬ 


ature.  ESUP  E  and  ESUP  ERDM  (5  mM)  were  dissolved  in  600  mM 
NaCl  containing  1%  (w/v)  fast  green  FCF  dye  to  aid  in  visualizing  the 
volume  injected.  The  solution  was  air  pressure-injected  into  the  pre¬ 
synaptic  cell  by  micropipette.  A  maximum  pressure  of  60  psi  was  used 
to  introduce  an  adequate  volume  of  solution  into  the  presynaptic  cell 
as  indicated  by  the  appearance  of  intracellular  dye.  The  volume  of 
solution  injected  was  <10%  of  the  estimated  cell  volume,  yielding  a 
final  intracellular  peptide  concentration  <100  pM.  BoNT  E  concen¬ 
tration  in  the  micropipette  was  3.3  pM. 


3.  Results  and  discussion 

3.1.  A  peptide  mimicking  the  26-aa  peptide  fragment  released 
by  BoNT  E  cleavage  of  SNAP-25  blocks  exocytosis 
Cleavage  of  the  C-terminus  of  SNAP-25  by  BoNT  E  re¬ 
leases  a  26-mer  peptide  that  may  block  neurosecretion 
[12,13].  To  test  this  hypothesis,  we  synthesized  this  26-mer 
peptide  (ESUP  E)  and  assayed  the  presumed  inhibitory  activ¬ 
ity  on  Ca2+-evoked  catecholamine  release  from  digitonin-per¬ 
meabilized  chromaffin  cells.  ESUP  E  blocked  noradrenaline 
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Fig.  1.  ESUP  E  blocks  Ca2+ -dependent  catecholamine  secretion 
from  permeabilized  chromaffin  cells.  Top:  Schematic  representation 
of  SNAP-25  with  the  cleavage  site  for  BoNT  E.  ESUP  E  represent 
the  peptide  product  (aa  181-206)  released  by  BoNT  E  cleavage  of 
SNAP-25.  Bottom:  A:  Concentration-dependent  inhibition  of  Ca2+- 
evoked  catecholamine  release  from  pemeabilized  chromaffin  cells  by 
BoNT  E,  ESUP  E  and  ESUP  Net  release  is  given  as 

mean! S.E.M.  with  n  (number  of  experiments  performed  in  tripli¬ 
cate)  =  4.  Solid  lines  depict  the  best  fit  to  the  logistic  equation: 
B/Bmax  =  l/(l+([blocker]/IC50)n),  where  B  denotes  the  extent  of 
block,  B,mx  represents  the  maximal  block;  IC50  denotes  the  concen¬ 
tration  of  blocker  (BoNT  E  or  ESUP  E)  that  produces  half- 
maximal  block,  and  n  is  the  Hill  coefficient  of  the  blocking  activity. 
For  BoNT  E  the  values  were  IC50  =  1.8±1.3  nM,  n  =  0.5;  and  for 
ESUP  E,  IC50  =  250  ±75  nM,  n  =  0.6.  B:  Time  course  of  the  net 
noradrenaline  release  (Ca2+ -stimulated  minus  basal)  obtained  in 
presence  or  absence  of  100  pM  ESUP  E  or  10  nM  BoNT  E. 
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release  with  an  IC50=250  ±  75  nM,  and  a  maximal  inhibition 
of  ~70%  (Fig.  1A).  The  ESUP  inhibitory  activity  was  similar 
to  that  elicited  by  BoNT  E  with  respect  to  maximal  inhibition 
(~70%)  but  was  ~  140-fold  less  efficient  (BoNT  E 
IC50=1.8  ±  1.3  nM).  The  sequence  specificity  of  ESUP  activity 
was  assessed  by  synthesizing  a  randomized  version  of  the 
peptide  (ESUP  ERDM),  which  was  proven  inert  in  blocking 
catecholamine  release  at  concentrations  up  to  100  pM  (Fig. 
1A). 

To  identify  the  step  of  the  exocytotic  cascade  blocked  by 
ESUP  E,  we  investigated  its  activity  on  the  kinetics  of  the 
secretory  process  and  compared  it  with  that  produced  by 
BoNT  E  (Fig.  IB).  Permeabilized  cells  were  incubated  with 
ESUP  E  or  DTT-reduced  BoNT  E  for  5  min,  and  secretion 
was  evoked  by  Ca2+  pulses  of  different  duration.  Incubation 
of  permeabilized  chromaffin  cells  with  10  pM  ESUP  E  or 
10  nM  BoNT  E  inhibited  ~60%  of  catecholamine  release, 
primarily  by  altering  the  slow  phase  of  secretion  (Fig.  IB), 
suggesting  that  the  vesicle  pools  upstream  of  docking  and 
priming  steps  are  sensitive  to  the  action  of  ESUP  E  and 
BoNT  E  [24-26].  These  data  indicate  that  the  26-mer  peptide 
released  by  BoNT  E  cleavage  of  SNAP-25  is  a  potent  and 
specific  uncoupler  of  Ca2+-evoked  exocytosis,  and  suggest 
that  the  efficiency  of  BoNT  E  to  disable  the  fusion  process 
may  arise  from  the  combined  action  of  cleaving  a  protein 
critical  for  the  assembly  of  the  fusion  complex,  and  by  releas¬ 
ing  a  small  peptide  which,  in  turn,  may  interfere  with  the 
formation  of  the  complex. 


Fig.  2.  ESUP  E  blocks  ACh  release  by  the  presynaptic  neuron  in  a 
cholinergic  synapse  in  Aplysia  buccal  ganglia.  ACh  release  was 
monitored  as  the  amplitude  of  the  IPSC  (lower  trace)  elicited  by  an 
evoked  action  potential  (upper  trace)  in  the  presynaptic  neuron.  Re¬ 
cordings  show  the  decrement  of  the  IPSC  amplitude  after  injection 
of  ESUP  E  into  the  presynaptic  neuron  at  zero  time. 


Fig.  3.  ESUP  E  and  BoNT  E  inhibit  IPSC  amplitude  in  Aplysia 
buccal  ganglion  synapses.  Active  ESUP  E  (n=10),  the  inactive  ran¬ 
dom  sequence  ESUP  E1^1  analog  (h  =  8),  or  BoNT  E  («  =  7)  were 
injected  into  the  presynaptic  neuron  at  zero  time.  IPSC  amplitude 
was  inhibited  after  injection  of  active  ESUP  E  and  BoNT  E  but  not 
by  injection  of  the  inactive  analog.  Mean±S.E.M. 

3.2.  ESUP  E  and  BoNT  E  inhibit  neurotransmitter  release  in 
Aplysia  cholinergic  synapses  in  vitro 

Release  of  ACh  by  the  presynaptic  neuron  in  response  to 
electrically  evoked  action  potentials  was  assessed  from  the 
amplitudes  of  the  evoked  IPSCs  in  a  voltage-clamped  post- 
synaptic  neuron.  Fig.  2  shows  superimposed  action  potentials 
and  IPSCs  in  a  typical  experiment.  ESUP  E  was  injected  into 
the  presynaptic  neuron  at  zero  time  (top  left  panel),  and  the 
resultant  decline  of  IPSC  amplitude  is  shown  at  three  succes¬ 
sive  time  points.  The  IPSC  amplitude  declined  to  52%  of  the 
control  value  120  min  after  the  injection  of  ESUP  E.  The 
decrease  of  IPSC  amplitude  was  gradual  and  incomplete,  typ¬ 
ically  requiring  2  h  to  reach  a  stable  value  of  30-70%  of  the 
control.  The  time  course  of  the  effect  of  peptides  or  toxin 
injection  on  IPSC  amplitude  is  shown  in  Fig.  3.  BoNT  E, 
ESUP  E  or  ESUP  ERDM  were  injected  at  time  zero.  The  in¬ 
crease  of  IPSC  amplitude  immediately  following  the  injection 
of  ESUP  Erdm  was  not  considered  to  be  significant  since  such 
increases  were  a  frequent  consequence  of  pressure  injection  of 
any  compound,  and  IPSC  amplitudes  typically  returned  to 
control  values  within  20  min.  No  further  reduction  of  re¬ 
sponses  occurred  in  cells  injected  with  the  random-sequence 
control  peptide,  whereas  IPSCs  in  cells  injected  with  BoNT  E 
and  active  ESUP  E  declined  to  a  stable  level  over  the  ensuing 
120  min. 

The  rate  and  extent  of  IPSC  inhibition  caused  by  BoNT  E 
was  greater  than  that  produced  by  ESUP  E:  the  amplitude 
was  attenuated  by  50%  in  28  min  and  by  90%  in  120  min  by 
BoNT  E,  whereas  inhibition  by  ESUP  E  was  only  50%  at  120 
min.  The  more  rapid  and  nearly  complete  IPSC  decrement 
caused  by  BoNT  E  supports  the  concept  that  the  inhibition 
caused  by  the  toxin  protease  is  a  consequence  of  both  a  de¬ 
crease  in  available  SNAP-25  and  an  accumulation  of  cleavage 
products. 

3.3.  ESUP  E  inhibits  vesicle  docking  by  interfering  with  the 
formation  of  the  ternary  complex  comprising  SNAP-25, 
VAMP,  and  syntaxin 

Since  the  C-terminal  domain  of  SNAP-25  binds  tightly  to 
VAMP  and  syntaxin  during  vesicle  docking,  forming  a  highly 
stable  ternary  complex,  it  is  conceivable  that  ESUP  E  blocks 
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ESUP  Erdm  ESUP  E 

Fig.  4.  ESUP  E  disrupts  the  interaction  between  SNAP-25,  VAMP 
and  syntaxin.  A:  Immunoprecipitates  of  the  ternary  complex 
SNAP-25/VAMP/syntaxin  from  rat  brain  synaptosomes  incubated 
without  (Control)  or  with  100  jiM  ESUP  E  or  ESUP  ERDM.  Immu- 
nocomplexes  were  analyzed  using  SDS-PAGE  (4-20%)  under  non¬ 
reducing  conditions,  and  immunoblotted  with  an  anti-syntaxin 
mAb,  anti-SNAP-25  mAb  and  anti-VAMP  Ab.  B:  Data  of  three 
different  experiments  were  quantified  by  image  analysis,  and  values 
normalized  with  respect  to  that  of  control. 

the  docking  process  by  competition  with  SNAP-25  for  binding 
to  the  ternary  complex.  To  examine  this  question,  we  studied 
the  effect  of  ESUP  E  on  the  interaction  of  SNARE  proteins  in 
digitonin-permeabilized  chromaffin  cells.  We  did  not  observe 
coimmunoprecipitation  of  all  the  SNARE  proteins  with  the 
anti-SNAP-25  mAb  (data  not  shown),  as  reported  by  others 
[27].  We  therefore  turned  to  rat  brain  synaptosomes  as  an 
alternative  preparation  [3,20,28].  Since  the  SNARE  complex 
forms  spontaneously  during  synaptosome  preparation  and 
solubilization,  we  evaluated  if  ESUP  E  could  displace 
SNAP-25  from  the  ternary  complex  and,  therefore,  dissociate 
the  preformed  aggregate  or  interfere  with  its  assembly.  The 
experimental  protocol  involved  detergent  solubilization  of 
synaptosomes,  incubation  with  ESUP  E  or  ESUP  ERDM,  im- 
munopurification  of  the  ternary  complex  using  an  anti-SNAP- 
25  mAb  followed  by  separation  of  the  components  using 
SDS-PAGE.  Immunoblots  probed  with  specific  antibodies 
raised  against  syntaxin,  SNAP-25  and  VAMP  revealed  the 
presence  of  the  three  proteins  in  the  immunoprecipitate  (Fig. 
4A).  Incubation  with  100  pM  ESUP  E  inhibited  the  coimmu- 
precipitation  of  VAMP  and  syntaxin  without  affecting  the 
immunopurification  of  SNAP-25. 

A  quantitative  analysis  of  the  immunoblots  is  shown  in  Fig. 
4B.  An  excess  of  ESUP  E  inhibited  the  coimmunoprecipita¬ 
tion  of  VAMP  by  ~30%  and  of  syntaxin  by  ~40%,  whereas 
no  effect  was  detected  with  ESUP  ERDM,  in  accord  with 
expectations.  The  partial  inhibition  produced  by  ESUP  E 


(100  pM)  may  be  accounted  for  by  its  relatively  low  affinity 
(Fig.  1A).  Nonetheless,  the  fact  that  a  short  peptide  may 
interfere  with  the  assembly  or  stability  of  an  SDS-resistant 
complex  is  highly  significant,  and  provides  experimental  sup¬ 
port  for  the  notion  that  ESUP  E  inhibits  vesicle  docking  by 
preventing  the  formation  of  the  essential  ternary  complex. 
These  findings  suggest  that  ESUP  E  may  compete  with 
SNAP-25  for  binding  to  VAMP  and  interrupt  the  ensuing 
chain  of  protein-protein  interactions  that  lead  to  vesicle  fu¬ 
sion. 

3.4.  Molecular  mechanism  of  ESUPs  biological  activity 
The  finding  that  the  26-mer  peptide  released  from  SNAP-25 
cleavage  by  BoNT  E  mimics  the  inhibitory  action  of  this 
neurotoxin  on  neurosecretion  (Fig.  1),  and  on  synaptic  trans¬ 
mission  (Figs.  2  and  3),  provides  support  to  the  tenet  that 
BoNTs  abrogate  vesicle  fusion  by  the  combined  action  of 
cleaving  the  substrate  and  releasing  peptide  products  which 
block  the  docking  or/and  priming  steps  of  the  exocytotic  cas¬ 
cade.  The  result  that  the  ternary  complex  is  specifically  dis¬ 
rupted  by  an  excess  of  ESUP  E  (Fig.  4)  supports  this  view. 
The  fact  that  the  20-mer  ESUP  A  (SNAP-25  [187-206]: 
SNKTRIDEANQRATKMLGSG),  corresponding  to  the  C- 
terminal  sequence  of  SNAP-25,  arrests  the  ATP-dependent 
maturation  of  the  secretory  granules  and  promotes  the  accu¬ 
mulation  of  secretory  vesicles  near  the  plasma  membrane  is  in 
accord  with  this  notion  [13].  Recent  studies  implicate  the  C- 
terminal  segment  of  SNAP-25  encompassing  residues  180-196 
in  vesicle  docking  and  in  a  late  post-docking  step  [29,30].  Our 
finding  that  ESUP  E  is  a  more  efficient  inhibitor  of  neuro¬ 
secretion  than  ESUP  A  supports  this  conclusion.  Thus, 
ESUPs  mimicking  specific  protein  domains  provide  novel 
tools  to  dissect  their  contribution  to  different  steps  of  neuro¬ 
secretion. 
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